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7Samenvatting
Het klimaat bepaalt in sterke mate het voorkomen, de groei en de ontwikkeling van 
plant- en diersoorten. Wanneer de milieuomstandigheden zich wijzigen, zoals in 
het geval van wereldwijde klimaatverandering, kunnen de meeste dieren zich actief 
verplaatsen, voor de meeste planten geldt dit niet. Zij zijn letterlijk en figuurlijk in hun 
milieu geworteld en zijn pas op de langere duur in staat om maatregelen te treffen 
tegen de wereldwijde klimaatverandering. Planten beschikken over verschillende 
strategieën om weerstand te bieden en zich aan te passen aan deze klimaatverandering. 
In de gebieden waarop dit onderzoek zich richt, dat wil zeggen Nederland met een 
gematigd zeeklimaat en het Arctische Spitsbergen, heeft zich de afgelopen eeuw een 
gemiddelde temperatuurverhoging voorgedaan van respectievelijk 1.2 oC en 1.4 oC. 
De temperatuurverhoging heeft zich in de eerste decade van de 21e eeuw versterkt 
voortgezet en de verwachte temperatuurverhoging voor 2100 varieert van + 1.8 oC 
tot + 6.4 oC (Hoofdstuk 1). In delen van noordwest Europa is verder de neerslag ten 
gevolge van de temperatuurverhoging tot 14% ten opzichte van de normale waarde 
toegenomen. Vooral het Noordelijk Halfrond krijgt in ieder geval tot het einde van 
deze eeuw te maken met forse wijzigingen in het klimaat, waarbij ook de mate van 
bewolking zal verschillen. 
Hoe reageren planten op klimaatopwarming? Dankzij een dicht netwerk van 
waarnemers in vooral de Europese landen is een groot aantal gegevens betreffende 
het voorkomen en de fenologie van plantensoorten bijeen gebracht. Uit analyse van 
deze dataverzamelingen komt naar voren dat als gevolg van de klimaatverandering 
op veel plaatsen in Europa planten als het ware naar het noorden opschuiven 
(zie bijvoorbeeld Parmesan 2006, Root et al. 2003). Als gevolg hiervan kunnen 
plantensoorten nieuwe gebieden ten noorden van hun eerdere verspreidingsgebied 
bevolken en kunnen eerder bevolkte zuidelijke gebieden (longitudinale verschuiving) 
verlaten. Vergelijkbaar schuiven soorten naar hogere zones (altitudinale verschuiving). 
Goed gedocumenteerde soorten laten verschuivingen tot meer dan 6 km per decade 
noordwaarts zien of meer dan 6 meter hoger, eveneens per decade. 
Naast deze areaalverschuiving kan ook het tijdstip van fenologische verschijnselen 
worden verschoven en  voornamelijk worden vervroegd, variërend van 1.5 tot ruim 3 
dagen per decade. Deze processen worden al vele decennia gevolgd, zelfs in daartoe 
speciaal aangelegde zogenoemde fenologische proeftuinen die over een groot gebied 
verspreid liggen. Een beperking van de methode waarmee deze areaalverschuiving en 
vervroeging van plantensoorten wordt bepaald is dat deze beschrijvend van aard is en 
dat pas achteraf een verband gelegd wordt met één of meerdere klimaatfactoren. Zo’n 
verband is ook gelegd voor de verschuiving van één van de Europese dwergstruiksoorten, 
de kraaiheide (Empetrum nigrum), het hoofdonderwerp van deze studie. Deze 
heidesoort heeft zijn hoofdverspreidingsgebied binnen de koele en vochtige Boreale – 
(sub-)Arctische klimaatzone; in de praktijk echter komt de soort tot ver zuidelijk voor, 
zij het dat er een voorkeur lijkt te bestaan voor koelere en vochtiger streken. Bij het 
Nederlandse Bergen aan Zee houdt de aaneengesloten verspreiding van kraaiheide vrij 
8plotseling op; zuidelijk komt de soort meer verspreid voor. Naar het noorden toe komt 
kraaiheide voor tot op het Arctische Spitsbergen.
Sinds circa 1950 neemt het voorkomen in de zuidelijk delen van het verspreidingsgebied 
af, zoals dat in Duitsland, Nederland en Engeland is aangetoond. Tegelijkertijd neemt 
het voorkomen op Spitsbergen juist toe. Het lijkt er dus op dat de soort zich aan de 
grenzen van zijn natuurlijke areaal gevoelig toont voor klimaatverandering. Door nu 
aan deze grenzen gedurende een aantal jaren drie belangrijke klimaatfactoren te 
manipuleren en daarmee de klimaatverandering die gedurende de 21e eeuw wordt 
verwacht na te bootsen, pogen we inzicht te krijgen in de mechanismen die ten 
grondslag liggen aan verschuiving van areaal. Tevens willen we onderzoeken welke 
invloed de gemanipuleerde klimaatfactoren hebben op de voortplanting, met name 
op de bloei en de vruchtvorming. Door op deze wijze te werk te gaan, pogen we de 
op visuele waarnemingen en op correlaties achteraf berustende interpretaties van 
areaalverschuiving met experimenteel  verkregen bewijs te ondersteunen dan wel te 
weerleggen. Ondanks het enorme natuurlijke areaal van kraaiheide is het mogelijk 
gebleken om tegelijkertijd aan de noord- en aan de zuidgrens – waar we immers de 
sterkste reacties op klimaatverandering mogen verwachten – experimenteel onderzoek 
uit te voeren, iets dat tot op heden niet eerder plaats vond.
Allereerst manipuleerden we de temperatuur met open top kamers (OTC’s) (Figuren 2-2 
en 2-4), die aan de zuidgrens de luchttemperatuur in de zomermaanden met gemiddeld 
2.0 oC verhoogde en jaarrond (2005-2010) met gemiddeld 1.2 oC. Op Spitsbergen 
bedroeg de verhoging in de zomer 1.7 oC. Deze opwarmingswaarden bootsen de door 
het IPCC geënsceneerde klimaat voor het einde van deze eeuw op een realistische 
manier na. Van 2006-2009 verdubbelden we aan de zuidgrens de neerslag omdat in 
klimaatscenario’s ook verhoogde neerslag wordt voorspeld. Vanwege de voorspelde 
toename van wolkvorming en als gevolg daarvan gereduceerde zoninstraling, zijn 
Empetrum-planten gedurende drie jaar onderworpen  aan een reductie van circa 50% 
van het zonlicht (Figuur 2-5). 
De drie manipulaties zijn jaarrond uitgevoerd, dat wil zeggen dat de gemanipuleerde 
milieuomstandigheden tenminste een aantal jaren de volledige jaarcyclus van de 
plant hebben kunnen beïnvloeden. Als resultaat van deze experimenten verwachten 
we directe reacties, die aan de zuidgrens zouden resulteren in verminderde vitaliteit 
en voorkomen en aan de noordgrens juist in een verhoogde vitaliteit en voorkomen. 
Omdat in de gemanipuleerde onderzoeksplots aan de zuidgrens ook struikheide 
(Calluna vulgaris) en dopheide (Erica tetralix) voorkomen, hebben we ook van deze 
soorten de respons op opwarming, extra beregening en beschaduwing onderzocht. 
Ook kunnen er interacties tussen die soorten optreden, die indirecte gevolgen van de 
klimaatverandering aangeven. 
Aan de zuidgrens van kraaiheide leidde temperatuurverhoging in de OTC’s, vergeleken 
met de resultaten van de controlegroep die op 100% werden gesteld, tegen de 
verwachting in tot positieve directe groeireacties. Dat wil zeggen tot versterkte groei 
van scheuten, grotere biomassa, vervroegde bloei en een langer groeiseizoen (+ 10 
weken; Figuur 5-5). Ook de bessen die in de OTC’s werden gevormd waren groter 
in diameter en zwaarder (Hoofdstuk 4). De scheutgroei van struikheide (+ 69%) en 
9dopheide (+ 79%) namen eveneens toe, maar die van kraaiheide (+ 200%) het sterkste. 
Tabel 5-7 geeft een gedetailleerd overzicht van de verschillende gemeten parameters en 
het resultaat (Hoofdstuk 5). Bij de verdubbeling van de neerslag (Hoofdstuk 6) nam de 
scheutgroei van kraaiheide toe met gemiddeld +  108%, die van dopheide met + 80% en 
struikheide met + 66%. De gedurende drie jaar gesimuleerde bewolkingstoename door 
beschaduwing (lichtvermindering) resulteerde in een toename van het lichtopvangend 
bladoppervlak ten behoeve van de fotosynthese (Hoofdstuk 7). Dit kwam verder tot 
uitdrukking in langere scheuten en een groter aantal langere en dunnere bladeren, die 
ook minder in gewicht bleken te zijn. Bij deze lichtvermindering was de scheutgroei 
bij kraaiheide gemiddeld + 98% toegenomen, terwijl die van struikheide toenam met 
+ 27% en die van dopheide met + 20% ten opzichte van de controlebehandeling die 
bestond uit normale belichting door zoninstraling.
Zowel van struikheide als van dopheide verwachtten wij positieve groeireacties 
op de gemanipuleerde milieuomstandigheden. De verwachting dat struikheide als 
meest ‘continentale soort’ van de toegenomen warmte zou profiteren kwam, naast 
de al genoemde scheutgroei, tot uitdrukking in een langer groeiseizoen (+ 14 weken; 
Figuur 5-5) en een verhoogde groeisnelheid (Tabel 5-1). De voorkeur van dopheide 
voor vochtige groeiomstandigheden, een kenmerk van het Atlantisch gebied,  kwam 
tot uitdrukking in de sterk toegenomen scheutgroei bij verdubbelde neerslag (+ 80 %).
Aan de noordgrens, op Spitsbergen,  leidde de temperatuurverhoging bij kraaiheide 
in de OTC’s volgens onze verwachting tot toename van de groei, waarbij versterkte 
besvorming  plaats vond: toename van het aantal bessen die ook zwaarder en groter 
(diameter) waren. In tegenstelling tot de situatie aan de zuidgrens, kon aan de 
noordgrens echter geen seizoensverlenging in de OTC’s worden vastgesteld maar wel 
een significante toename van de temperatuursom (Tabel 3-2; Weijers 2012, 2013b). 
In hoofdstuk 8 van dit proefschrift zijn alle resultaten voor de onderzochte 
dwergstruiksoorten kraaiheide, struikheide en dopheide samengevat. De 
conclusies (Tabel 8-1) die uit ons onderzoek getrokken kunnen worden zijn voor 
kraaiheide dat er voor het waargenomen areaalverlies aan de zuidgrens op basis 
van onze onderzoeksresultaten geen sluitende verklaring is. In tegenstelling tot 
onze verwachtingen, stimuleerde de gestegen temperatuur de groei en werd het 
groeiseizoen verlengd, terwijl er van toegenomen competitie door struikheide geen 
sprake lijkt te zijn. De door extra neerslag toegenomen groei komt mogelijk eerder 
voort uit het gebrek aan water in droge duingebieden dan aan gevoeligheid voor 
klimaatverandering. De toegenomen groei bij gereduceerde lichtinval toonde aan dat 
kraaiheide in staat is een zekere mate van schaduw te verdragen, in tegenstelling tot de 
beide andere heidesoorten, die aanzienlijk minder groeitoename vertoonden. 
Aan de noordzijde van het areaal, op Spitsbergen, geeft het effect van de gestegen 
temperatuursom in de OTC’s inzicht in de achtergrond van het toegenomen voorkomen 
van kraaiheide. De kwantitatieve en kwalitatieve toename van de bessen vormen daar 
in aanleg de basis voor verdere verspreiding. Bovendien zal de versterkte vegetatieve 
groei van de planten de omvang van de populaties vergroten en mogelijk zal versterkte 
concurrentie optreden in relatie tot de Arctische dwergstruik Cassiope tetragona. 
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Samengevat geven de reacties van kraaiheide op de gemanipuleerde klimaatfactoren 
aan de zuidgrens van het areaal geen afdoende verklaring voor de waargenomen 
achteruitgang of opschuiving in noordelijke richting. Aan de noordgrens, op Spitsbergen 
daarentegen, zijn de directe reacties op opwarming geheel naar de verwachting en valt 
de toename kraaiheide aldaar goed te duiden.
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Summary
Climate has a large impact on the occurrence, growth and development of plant 
species. In case of global climate change, most animal species will be able to survive 
by moving to more suitable areas. However, most plants are not able to do so and as 
a consequence have to apply various adaptation and survival strategies and produce 
seeds. Dispersed seeds may reach the more suitable areas and after germination, may 
settle as a start for a new population.
This study focusses on two areas with very different climates, in the south in the 
Netherlands with a moderate maritime climate and in the north on the island of 
Spitsbergen, part of the Svalbard archipelago with an Arctic climate. Both areas have 
faced an annual average temperature increase of 1.2 oC respectively 1.4 oC since the 
last century and this warming continued during the first decade of the present century. 
By the end of the 21th century, a global temperature increase that will vary from 
1.8 oC – 6.4 oC is expected (e.g. IPCC 2007). Related to increased temperatures are 
increased cloud formation and the amount of precipitation that has increased up to 
14% regionally in northwest Europe. 
Thanks to a dense network of observers in many European countries, a number of data 
on the occurrence and the phenology of plant species in response to global climate 
change have been collected (e.g. Parmesan 2006, Root et al. 2003). The analysis 
of this data showed that the on-going global climate change (warming) resulted in 
a northward shift up to over 6 km per decade of many species in Europe, reaching 
new areas north of their previous range and leaving earlier populated southern areas 
(longitudinal shifts). Similarly, species moved upward from valleys to more uphill areas 
(altitudinal shifts), up to over 6 m per decade. In addition to these range shifts, the 
phenology of flowering and leaf unfolding as studied in phenological gardens across 
a large geographical area has shown advanced phenology for many plant species, 
ranging from 1.5 over 3 days per decade. 
Up till now the methods used to determine occurrences and phenology of species are 
mainly descriptive and observed changes are correlated with environmental factors, 
thus limiting a more causal interpretation of range shifts and phenological events. 
This applies to one of the European dwarf shrub species, Crowberry (Empetrum 
nigrum) that was subjected to manipulated environmental conditions since 2005. This 
heathland dwarf shrub species is distributed within the cool and humid Boreal-(sub)
Arctic and Atlantic biomes in Europe.The  more southern occurrences of Crowberry in 
Germany, the Netherlands and Great Britain tend to decrease since the fifties of the 
last century, while occurrences north at Spitsbergen are increasing. Thus, Crowberry 
seems to demonstrate responsiveness to climate changes both at the southern 
and northern range margins. By manipulating three climate factors at these range 
margins, simulating global climate change, we intend to increase our knowledge in the 
mechanisms underpinning these shifts and including our knowledge of phenology and 
fruit production. By doing so we aimed to gather experimental evidence to confirm 
or to falsify our hypotheses concerning the observed range shifts and the altered 
phenology. These field experiments, both at the southern and northern range margin 
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of Crowberry, are to our knowledge the first to increase our knowledge of the species’ 
ecological responses to climate change.
The temperature was manipulated with open top chambers (OTCs) (Figures 2-2, 2-4) 
from 2005-2010 and at the southern range margin this resulted in an average increase 
of air temperature of 2.0 oC during summer and an average annual increase of 1.2 
oC. On Spitsbergen the increase was 1.7 oC during the summer period. These results 
simulate the observed and expected climate change in the course of this century in a 
realistic way. Ambient precipitation was doubled (2006-2010), based on the increased 
precipitation measured since the fifties of the 20th century. Also Crowberry was 
subjected to increased cloudiness (2007-2009) by reducing the amount of incoming 
sunlight (Figure 2-5), reaching the plant’s leaf surface. We based this reduction on the 
observed increased cloudiness (global dimming; e.g. Stanhill 2005). 
Year-round, plants were subjected to these manipulations, thus ensuring that plants 
were experiencing at least several year cycles to altered conditions. At the southern 
range margin, we expected direct responses resulting in decreased vitality and 
increased vitality north. We also subjected the co-occurring dwarf shrubs Heather 
(Calluna vulgaris) and Cross-leaved heather (Erica tetralix) to experimentally simulated 
global change with the intention to compare ecological responses and to consider 
possible interactions between the three species studied.
At the southern range margin, compared to data valued at 100% from control plots and 
in contrast to our expectation, increased temperatures caused increased shoot growth, 
increased biomass, advanced flowering and an extended growing season of Crowberry, 
both in spring and autumn. The berries developed in OTCs also demonstrated a larger 
diameter and increased weight. Shoots of Heather increased by  + 79%, of Cross-leaved 
heather by  + 69% and those of Crowberry by  + 200% (Table 5-7, Chapter 5). Doubled 
precipitation (Chapter 6) caused shoots – the only parameter studied - of Crowberry to 
increase by  + 108%, of Cross-leaved heather by  + 80% and of Heather by  + 66%. The 
manipulated increased cloudiness resulted in significantly longer shoots of Crowberry 
with more, longer and thinner leaves, while leaf weight decreased. Stem diameter did, 
in contrast to our expectations, not change. The shoots of Crowberry increased by + 
98%, of Heather by  + 27% and of Cross-leaved heather by  + 20%.
Both Heather and Cross-leaved heather were expected to respond positively to the 
manipulated environmental conditions. Heather, with a continental distribution, 
profited most of the warming by increased shoot length, but also by the extension 
of the growing season by 14 weeks (Figure 5-5) and an increased shoot growth rate 
(Table 5-2). The increased shoot length (+ 80%) of Cross-leaved heather in response 
to doubled precipitation expressed the species’ preference for moist Atlantic growing 
conditions (Table 1-7).
On Spitsbergen, at the northern range margin of Empetrum, increased temperature 
in OTCs caused, according to our expectations increased growth, increased berry 
occurrences with significant increased diameter and weight. However, air warming 
by OTCs did not cause the expected increase of the growing season but increased 
accumulated heat (Growing Degree Day-value) was observed. Similarly, this increased 
13
growing season intensity has been reported by Weijers (2012) and Weijers et al. (2013b) 
with OTCs in the high Arctic. 
In Chapter 8 of this thesis, the results of our field experiments with manipulated 
climate factors on Crowberry, Heather and Cross-leaved heather have been evaluated 
and discussed. We concluded that the response of Crowberry to manipulated warming 
does not provide conclusive evidence for the observed northward shift at the 
southern range margin.  The positive response of the dwarf shrub species to increased 
precipitation was attributed to water limitation in the dry dune research area while 
responses to increased cloudiness indicated that Crowberry (more than Heather and 
Cross-leaved heather) is able to withstand a certain amount of shade, explaining its 
occurrence in the understorey of wooded areas.
In summary, the ecological responses found do not readily explain the observed 
northward shift at the southern range margin. However, for the direct responses to 
temperature manipulation at the northern range margin we concluded that these are 
in line with the increased occurrences of Empetrum nigrum on Spitsbergen.
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Chapter 1
General introduction. Climate change affecting dwarf 
shrubs from temperate and Arctic ecosystems:  
an experimental approach.
Climate change
Climate is one of the driving forces in the physiology, phenology and in the end in the 
geographical distribution of plants. Global mean air surface temperatures have risen 
since 1989 onwards and there is an increasing body of evidence of a further increase 
in global temperature, global precipitation and global shading, affecting the ecology of 
plants (IPCC 2007). Also, the number and kind of extreme climate events might increase, 
due to the climate change process. Climate change drivers are under the influence of 
natural processes (for example solar processes, earth orbit and volcanic eruptions) and 
human (anthropogenic) activities (for example fossil fuel burning, industrial processes 
and land use). Both these natural and human impacts may alter the energy balance 
of incoming and outgoing energy - radiative forcing - in the earth-atmosphere system. 
This is strongly affected by the increasing concentration of various greenhouse gases, 
most of them of anthropogenic origin and of which carbon dioxide (CO
2
) is a principal 
component. From a pre-industrial value of about 280 parts per million, the global 
atmospheric concentration of carbon dioxide increased to 379 parts per million in 
2005 with an annual average increase of 1.9 parts per million (1995-2005) which has 
resulted in an increase of 20 % of the radiative forcing (1995-2005) contributed to 
carbon dioxide (Solomon et al. 2007). From the longest continuous CO
2
 monitoring 
at Mauna Loa  (Hawaii, 19°32’N 155°35’W) it emerged that the annual average of CO
2
 
concentrations rose from 316 parts per million in 1959 to 385 parts per million in 2008, 
representing an average annual growth rate of 1.4 parts per million year-1 in the in situ 
value (http://cdiac.ornl.gov, www.esrl.noaa.gov). The latest record (December 2012) 
demonstrated a further increase to 394 parts per million (www.esrl.noaa.gov/gmd/
ccgg/trends).
Other anthropogenic radiative forcing components include, apart from the long-lived 
greenhouse gases carbon dioxide, nitrous oxide and methane, ozone, stratospheric 
water vapour, surface albedo (changes caused by land use and black carbon on snow), 
aerosols and linear contrails. This combination of radiative forcing components resulted 
in total to a net anthropogenic contribution (2005) to radiative forcing of 1.6 (0.6 - 2.4) 
W m-2 while the natural contribution to radiative forcing is estimated to be 0.12 W m-2 
(Forster et al. 2007). In this way, radiative forcing gives rise to climate perturbation 
leading to changing global and regional temperatures and precipitation and extreme 
weather events. Plants may respond to such changing climatic conditions, which is the 
topic of this thesis.
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Global and regional temperature changes based on instrumental data recordings
Increased radiative forcing, which is very likely due to an increase of anthropogenic 
greenhouse gas concentrations (Solomon et al. 2007) has altered global and regional 
average surface temperatures. Temperatures have risen larger over land than over 
oceans with most pronounced increases in the Northern Hemisphere, increasing with 
latitude (Table 1-1; Hansen 2006). 
Table 1-1. Average surface temperature change since accurately instrumental temperature data recording.
Scale T oC Period Reference
Global + 0.74 1901-2000 Solomon et al. 2007
Northern Hemisphere + 0.89 1901-2005 Brohan et al. 2006
Europe + 0.9 1901-2005 Parry et al. 2007
The Netherlands + 1.2 1900-2005 www.knmi.nl
Svalbard, Norway + 1.4 1991-2010 www.dnmi.no
Not only the average surface temperature changed since accurately instrumental 
recording was introduced, but also the rate of warming increased over the last 25 years 
and the warmest years in instrumental recording have occurred in the years 1995-2006 
(Solomon et al. 2007). Since the current research includes the years 2005-2010, the 
global surface air temperature for the first decade of the 21st century is shown in Table 
1-2.
Table 1-2. Global surface air temperature anomalies (oC) 2000-2010, relative to the 1961-1990 mean; Jones, 2012 
(http://www.cru.uea.ac.uk).
2001 + 0.408
2002 + 0.465
2003 + 0.475
2004 + 0.447
2005 + 0.482
2006 + 0.425
2007 + 0.402
2008 + 0.33
2009 + 0.443
2010 + 0.478
Average surface temperature anomalies for the 2001-2010 decade exceeded the 1961-
1990 mean by 0.44 oC and also in turn, exceeded the 1991-2000 decade (0.24 oC) by 
0.20 oC (Jones 2012, www.cru.uea.ac.uk). 
The analyses of long-term changes in temperatures also demonstrated that the 
length of the frost-free season has increased in many mid- and high-latitude regions, 
reflected in an earlier start of the spring season in the Northern Hemisphere. Warming 
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of the oceans, sea level rising, glacier melting, the retreat of sea ice in the Arctic and 
the diminished snow cover in the Northern Hemisphere all confirm global warming 
(Solomon et al. 2007, Trenberth et al. 2007). 
In the Netherlands, the number of frost days (minimum temperature < 0 oC) decreased 
and the number of summer days (maximum temperature 25 oC or higher) increased. 
Moreover, the months of February and March have become significantly warmer, 
associated with the number of days with prevailing winds from south-westerly 
directions, warmed up by the Atlantic coastal waters, where a tendency exists of 
increasing water temperature since about 1980 (Van Aken 2010, knmi). The increase 
of near-coastal temperature is clearly demonstrated by the analyses of the average 
air surface temperatures per decade of the coastal meteorological stations Vlissingen 
(51o27’N 3o36’E) and Den Helder (52o55’N 4o47’E). Figure 1-1 demonstrates the average 
monthly temperature increase of 1999-2008 period relative to 1906-1998, showing 
strongest differences from January onwards and declining from August.
Figure 1-1. The average monthly air surface temperature increase of the coastal meteorological stations Vlissingen 
(51o27’N 3o36’E) and Den Helder (52o55’N 4o47’E). Average monthly temperatures of 1906-1998 are compared to 
average monthly temperatures of 1999-2008. Data www.knmi.nl.
Apart from the aforementioned coastal meteorological stations, the average annual 
surface temperature in the Netherlands increased significantly by 0.9 oC to 10.2 oC (1991-
2010) relative to 9.3 oC (1961-1990), while the average summer temperature during 
summer (June, July and August) increased by 0.8 oC (Table 1-3; CBS 2012, KleinTank 
et al. 2002, KNMI 2012). In connection with the increased annual temperature is a 
significant increase of the meteorological growing season length (GSL) expressed as 
the number of days with average temperatures above a threshold of 5 oC varying from 
270 days to 291 days (1991-2010) relative to the former climate period of 1961-1990 
(Table 1-3). 
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Table 1-3. Climate characteristics at 52oN, Bergen aan Zee, the Netherlands. Growing degree days (GDD) repre-
sent accumulated heat (oC) with threshold of 5 oC; growing season length (GSL) represents the number of days 
exceeding threshold 5 oC. Data CBS (2012), KNMI (2012).
Average temperature (oC) 1961-1990 1991-2010 Change
Annual 9.3 10.2 + 0.9
Summer 14.3 15.1 + 0.8
Winter 3.2 3.9 + 0.7
GDD
5 
(ΣoC) 1716 1915 + 199
p<0.001
GSL
5 
(days) 270 291 + 21
p<0.001
Connected to the increased average annual temperature is the number of growing 
degree-days (GDD), a measure for the growing season intensity and expressed as the 
annually accumulated degree sum above a certain temperature threshold. GSL and 
GDD values were retrieved from KNMI (2010) and analysed with one-way ANOVAs.
Temperature parameters have also changed for the northernmost land area in Europe 
with a vascular flora and influenced by the Atlantic Ocean: the Norwegian high-Arctic 
archipelago of Svalbard, latitudes 74o-81oN, longitudes 10o-35oE, with the largest island 
Spitsbergen (Rønning 1996). Average annual summer and winter temperatures as well 
as growing degree-days value and the growing season length experienced the influence 
of global warming, as evidenced in small but significant temperature enhancements 
(DNMI 2012) and more substantial increases in GDD and GSL values (Table 1-4). GSL 
and GDD values were retrieved from DNMI (2010) and analysed with one-way ANOVAs.
Table 1-4. Climate characteristics at 78oN, Endalen, Svalbard, Norway. Growing degree days (GDD) representing 
accumulated heat (oC) with threshold of 1 oC and 5 oC; growing season length (GSL) representing the number of 
days exceeding threshold of 1 oC and 5 oC. Data dnmi 2012.
Average temperature (oC) 1981-1990 1991-2000 Change
Annual - 6 - 4.6 + 1.4
Summer 4.9 5.2 + 0.3
Winter - 14.2 - 11.7 + 2.5
1981-1990 1991-2000 2001-2010 Change
GDD1 (Σ
oC) 362.7 401.9 503.7 + 141.0 p<0.001
GDD
5 
(ΣoC) 74.6 85.9 131.2 + 56.6 p<0.001
GSL1 (days) 91.3 97.6 110.8 + 19.5 p=0.008
GSL
5
 (days) 39.2 43.4 60.9 + 21.7 p<0.001
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Projected global temperature change
Depending on the radiative forcing scenarios and without mitigating circumstances, 
global mean surface air temperature is projected to increase continuing over de 21st 
century. The modelled mean warming, associated with greenhouse gas emissions 
ranges for 2090 to 2099 relative to 1980 to 1999, is + 1.8°C to + 6.4°C (Trenberth et al. 
2007, Solomon et al. 2007).
Changes in global and regional cloudiness and precipitation
Radiative forcing changes global mean surface temperatures and this directly increases 
the moisture holding capacity of the atmosphere by about 7% per oC warming, given 
by the Clausius-Clapeyron relation (Klein Tank et al. 2002, Lenderink and Van Meijgaard 
2008, Allen and Ingram 2002). As a result, trends of increased cloudiness and rainfall, 
varying with season, longitude and latitude have been observed.  
Global cloudiness refers to the reduction in global irradiance reaching the earth’s 
surface, albeit with considerably spatial variation. Significant reductions have been 
demonstrated in the former Soviet Union, USA, around the Arctic and Antarctic Circle, 
Germany, the British Isles and Ireland. The most probable reason for the observed 
global dimming is a change in the atmosphere’s transmissivity attributed to possibly 
related changes in the evaporation of water, diurnal temperatures and visibility. 
An important consequence of global dimming might be the lower intensity of solar 
radiation in the photosynthetically active wavebands, thus this can be expected to 
affect carbon assimilation at the individual plant level but also on the community level 
(Stanhill 2005). 
Rather than a statistically significant trend in anomalies over the period 1900-2005, 
has the increased atmospheric moisture content altered the amount, the intensity, 
the frequency and the type of precipitation (Trenberth 2007, Solomon et al. 2007). 
Precipitation trends appear to indicate a redistribution of precipitation. Along a 
latitudinal gradient on the Northern Hemisphere, poleward of 50oN increased 
precipitation occurred (+ 10-40 %; Parry et al. 2007), partially related to anthropogenic 
forcing as demonstrated by Zhang et al. (2007). They found that anthropogenic forcing 
already has had a detectable and attributable influence on the latitudinal pattern of 
large-scale precipitation change over the twentieth century. It was estimated that 
anthropogenic forcing has contributed approximately 50–85% of the observed 1925–
1999 trend in annual total land precipitation between 40° N and 70° N. Analysis of 
instrumental records (1961-2000) of precipitation trends in most of Atlantic and 
northern Europe demonstrated increases in winter, especially in large areas of north-
western Europe whereas an increase in summer precipitation was demonstrated along 
the European west coast (Parry et al. 2007, Van Haren et al. 2012). It may be expected 
that increased precipitation will affect plant growth, both at the individual plant level 
and the plant community level.
Ecological responses to increased global temperature and changed precipitation: 
phenological changes and range shifts 
The biological impact of current climate change, observed in a historical perspective, 
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is that the rate of global warming is greater than at any other time during the last 
millennium until awareness of climate change from 1976 onwards (Walther et al. 
2002). Consequences of this have been elucidated by Parmesan (2006), referring to 
the observational records of many bird species, insect and plant species in parallel with 
the geographic variation in the physical environment, causing shifts, expansions and 
contractions of the geographical ranges of species over time (Brown and Gibson 1983).
Now, there is increasing evidence from almost all terrestrial and aquatic habitats 
that many natural systems are and will be affected by the increase in global average 
temperature and concomitant changes in precipitation. Further changes in ecosystems 
structure and function, species’ ecological interactions and species’ geographical ranges 
responding to anthropogenic climate change are projected. Root et al. (2003) used 143 
studies for their meta-analyses and demonstrated consistent temperature-related shifts 
in the composition of major taxonomic groups ranging from invertebrates, amphibians 
and birds to trees and non-trees. Sixty-one studies, including 694 species or groups of 
taxa indicated a statistically significant change in the phenology, resulting in an earlier 
timing of spring events. Also, the analyses strongly suggested, given the stronger 
warming of higher (polar) latitudes compared to lower latitudes, that taxa of cooler 
climate zones indeed react more strongly to the change in temperature. Parmesan and 
Yohe (2003) used a suite of correlational studies on diverse taxa over many regions in 
the world to ask whether natural systems have responded to recent climate change or 
not. The meta-analysis of phenological shifts reported of 172 species, including herbs, 
shrubs, trees, birds, butterflies and amphibians, revealed a mean shift towards earlier 
spring timing of 2.3 days decade-1. Range boundary changes of 99 species, including 
birds, butterflies and alpine herbs, demonstrated that longitudinal limits of species have 
moved on average 6.1 km decade-1 in the expected direction whereas altitudinal limits 
moved 6.1 m decade-1 upwards. Walther et al. (2002) review the consequences of thirty 
years of global warming at the end of the 20th century. Relating to spring phenology 
in Europe and North America, observed phenological trends likely reflect responses to 
climatic change. A later onset of autumnal phenology was demonstrated and leaf colour 
changes in Europe show a progressive delay of 0.3 - 1.6 days decade-1, while regionally 
the growing season extended up to 3.6 days decade-1 over the past 50 years. 
Table 1-5. Evidence of recent advances in spring phenology events in Europe (modified after Walther et al. 2002).
Taxon Location Observed changes Period
Numerous plant species
Europe Flowering and leaf unfold-
ing occurring 1.4-3.1 days 
decade-1 earlier
Past 30-48 years
12 butterfly species UK
Earlier appearance by 2.8-
3.2 days decade-1
Past 23 years
Amphibians UK Earlier breeding Past 25 years
Numerous bird species Europe, North America
Earlier spring migration by 
1.3-4.4 days decade-1 and 
earlier breeding by 1.9-4.8 
days decade-1
Past 30-60 years
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However, the results of a trend analysis of autumn phenology phases as observed in 
European International Phenological Gardens are not so homogeneous (Menzel 2000). 
Convincing evidence that species’ phenology is responsive to temperature of the 
preceding months is supplied by Menzel et al. (2006). Their meta-analysis included 542 
plant species and 19 animal species from 21 European countries, in total over 125 000 
observational series, producing an evident signal of spring events such as advancing 
leaf unfolding, flowering and fruiting in wild plant all across Europe, responsible for an 
average advance of spring in Europe of 2.5 days decade-1. Another important biological 
signal of climate change is that changes in spring phenology have been reported most 
frequently. This emphasizes that temperature changes experienced so far, have been 
more pronounced in winter and early spring (Sparks and Menzel 2002, Fitter and Fitter 
2002). 
As a consequence of the advanced spring events and the delayed autumn phenology, 
Parmesan (2006) indicates a lengthening of the vegetative growing season in the 
Northern Hemisphere, supported by Myneni et al. (1997). They present evidence from 
satellite data that photosynthetic activity of terrestrial vegetation increased, associated 
by lengthening of the growing season and with greatest increase between 45oN and 
70oN. Lucht et al. (2002) demonstrated a trend towards earlier spring budburst, delay 
of autumn leaf abscission and increased maximum leaf area by analyzing satellite data. 
These data are consistent with terrestrial phenological data; also biosphere activity 
related to atmospheric CO
2
-content suggests an extended growing season by about 7 
days in the Northern Hemisphere, most accentuated after 1980 (Parmesan and Yohe 
2003). Menzel (2000) analysed observational data from the International Phenological 
Gardens in Europe for the 1959 –1996 period. It revealed that leaf unfolding in spring 
has advanced on average by 6.3 days (- 0.21 day year-1), whereas autumn events, such 
as leaf colouring, have been delayed on average by 4.5 days (+ 0.15 day year-1). Thus, 
since the early 1960s the average annual growing season has lengthened on average 
by 10.8 days.
Trends in altitudinal and poleward (latitudinal) shift keep up with climate change
Additional to the observed substantial changes of seasonal patterns both in plant 
and animal species related to climate change, also distributional shifts of vegetation 
and individual species in warming regions in an upward (altitudinal) and poleward 
(latitudinal) direction (Walther 2004, Parmesan 2006) are expected. When we 
do not only take into account the observation of species, whose sightings can be 
highly occasional and coincidental, but also consider the species’ establishment, a 
poleward migration of many taxa from temperate regions can be observed in recent 
time. In Great Britain a mean northward shift by 12 bird species of 18.9 km over a 
20-years period was demonstrated (Thomas and Lennon 1999). Butterflies and moths 
(Lepidoptera) expanded northerly in Finland, Great Britain and across Europe; nearly 
two thirds (63%) of the European species expanded 35-240 km northwards (Parmesan 
et al. 1999). Hickling et al. (2005) studied 37 resident dragonfly species (Odonata) in 
the United Kingdom and documented that 23 of 24 temperate species expanded their 
mean northern range limit by 88 km between 1960 and 1995. 
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Spear and Ainley (1999) demonstrated a shift in the migration route of the sooty 
shearwater (Puffinus griseus) by hundreds of kilometers in concert with altered seawater 
temperature. At the polar bears’ (Ursus maritimus) southern range margin (Hudson 
Bay, Canada), a decline in number and in mean body weight has been demonstrated. 
The lengthening of ice-free periods and the associated lack of ice shelves, necessary 
for feeding, cause the polar bears to starve and live on reserves (Stirling et al. 1999).
Sedentary taxa, both animal and plant species from terrestrial and aquatic systems, 
lack the ability to find refuge when environmental conditions exceed the species’ 
limitations, thus are supposed to be better suited for examining ecological effects 
of climate change. Baseline distributional data also define clearly the species’ 
biogeographic ranges (for example national databases www.floraweb.de, www.floron.
nl, www.nbn.org.uk). However, evidence is provided that with climate change the 
margins of species’ ranges may become adjusted (Huntley et al. 1995), as demonstrated 
by the poleward contraction of the intertidal sessile blue mussel (Mytilus edulis) in the 
Western Atlantic. Simultaneously with seasonal increasing air and water temperatures 
since 1960, the geographic contraction south at 35o2’N shifted the Mytilus range 
edge approximately 350 km northward to 38o8’N (Jones et al. 2010). Peñuelas and 
Boada (2003) report the replacement of the summer green beech (Fagus sylvatica) 
by advancing of the evergreen, more drought and heat resistant Mediterranean oak 
species Quercus ilex. In turn, Fagus sylvatica invades Heather (Calluna vulgaris) at 
the upper-latitudinal range margin. Also reported is the intrusion of warm temperate 
and sub-tropical floral elements in Australian cool temperate Nothofagus rainforests, 
where the southern beech (Nothofagus moorei) fails, but other species successfully 
regenerate (Read and Hill 1985) and are about to replace the southern beech. In the 
Alaskan Arctic, shrub abundance is increasing as revealed from a comparison of aerial 
photographs. Size and abundance of shrubs are increasing and previously shrub-free 
tundra is being colonised (Sturm et al. 2001).  Shrub expansion in Arctic, high-latitude 
and alpine tundra ecosystems has been recorded and analysed by Myers-Smith et al. 
(2011), presenting an array of biotic and abiotic environmental changes, all contributing 
to the observed shrub expansion. Also major changes in the structure of ecosystems, 
coinciding with large-scale increases of shrub cover are predicted.
In the Netherlands, the analysis of databases of vascular wild plant species demonstrated 
small and significant increases in the presence of thermophilic and cold-adapted 
(psychrophilic) plant species. The final decades of the 20th century show a marked 
increase in the thermophilic species, coinciding with an average temperature increase 
during the same period (Tamis et al. 2005, KNMI 2008). Van Herk et al. (2002) consider 
all species of the lichen flora of the Netherlands in relation to their world distribution 
and demonstrate a decline in Arctic-alpine boreo-montane species in favourite of 
invading (sub-) tropical species. A subsample indicated a recent and significant shift 
towards species preferring warm circumstances.
Altitudinal shift in species’ distribution is reported from Norwegian mountains, where 
Klanderud and Birks (2003) compared data from 1930-1931 with data from a resurvey 
68 years later. Lowland species, dwarf shrubs and species with wide altitudinal and wide 
ecological ranges increased in abundance and altitudinal advances. Lenoir et al. (2008) 
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report an upward shift in 171 forest plant species across temperate and Mediterranean 
mountain forests in Western Europe. The comparison of their altitudinal distribution 
has resulted in a significant upward shift in species optimum elevation, averaging 29 
m decade-1. Juniperus nana was demonstrated to advance upslope the altitudinal 
shrubline in Sweden and analysis of the age distribution of the shrub population 
indicated new colonisations of the species at high elevations (Hallinger et al. 2010).
Similar signals of range expansion and contraction of vascular plants in high mountain 
ecosystems of the European Alps are provided by Pauli et al. (2007). Between 1994 
and 2004, species richness increased by 11.8%, comprising alpine and nival species and 
was pronouncedly higher in subnival and nival plots than in plots with alpine grassland 
vegetation. The results of this (most likely) warming-induced species decline in the high 
Alps indicates an ongoing contraction at the lower (rear) edge of a species’ distribution 
ranges and a concurrent expansion at the leading edge.
Walther et al. (2005) report vegetation changes in the Swiss Alps also consistent with 
climate change. A comparison of two surveys (1905 and 1985) and a resurvey in 2003 
indicated an altitudinal shift of species occurring for the first time on a new highest 
summit, varying from 46-532 meter, in accordance with 27.8 meter decade-1. 
In conclusion, the 20th century clearly showed that poleward and altitudinal shifts 
of species’ ranges have occurred across many taxonomic groups and geographical 
locations (Walther et al. 2002 and the literature herein). However, not all new species 
occurrences in ecosystems are the result of global change and probably, human 
interventions are, in combination with a warmer climate responsible for successful 
introduction and consecutive range shifts and extension (Walther 2000, Dukes and 
Mooney 1999 (cited by Aerts et al.  2006). 
Ecological responses to climate change: ecosystem structure and processes
Apart from the relatively straightforward responses in phenology and range shifts 
to climate change, species differ in susceptibility to climate change and will display 
diverging responses. Potentially, these responses may have profound consequences 
for species interactions and therewith affect the structure and dynamics across an 
array of ecosystems (cf Rozema et al. 2006a, b). The functioning of ecosystems, including 
the introduction of new trophic levels, may be altered by an increase in biodiversity 
in the Antarctic region (Convey 2011, Hogg and Wall 2011). In Switzerland, over a 
dozen of exotic species colonised the indigenous vegetation, rapidly reorganising the 
forest community in concert with a decreasing number of days with frost per year 
(Walther 2002) and fine-tuned events between species may alter the interaction 
between species. Such an interaction is also demonstrated in the changed patterns 
of reproductive cycles in newts and frogs in England, resulting in higher levels of 
predation by newts on embryos and larvae of earlier breeding frogs (Beebee 1995, 
Walther 2002). Also the altered interaction is demonstrated by the mismatch of the 
peak of the insect availability of the winter moth (Operopthera brumata) and the peak 
food demands of the great tit (Parus major), caused by a disrupted synchrony between 
winter moth hatching and earlier bud burst of oak (Quercus robur; Visser and Holleman 
2001). For the Arctic world, it was concluded that after an analysis of experimental 
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warming and nutrient availability, that macrolichens in milder Arctic ecosystems may 
decline and where climate change may cause vascular plants to increase in abundance 
(Cornelissen et al. 2001, Solheim et al. 2006). Ecosystems from cold, northern tundra 
sites experience the effects of climate change upon the structure and dynamics in great 
variety, as discussed by Aerts et al. (2006). They summarize that responses of plants to 
climate change include among other things, phenological impacts potentially changing 
relationships between plants and other organisms, plant-plant interactions such as 
resource competition, increased N-availability in a warmer climate, which is important 
because high-latitude ecosystems are N-limited and finally encounter changes in the 
composition of plant communities. 
In conclusion, there is ample evidence that the recent, rapid climate change affects a 
wide array of biotic and abiotic interactions between plant and animal species, both 
individually as well as at the ecosystem level across many natural systems. 
Possible causes of biogeographical range shifts in plant species in response to global 
warming
To understand poleward biogeographical range shifts in warming regions or upward 
direction, a number of conditions will be considered. Range contraction with climate 
warming may relate to decreased vegetative growth or reduced reproduction of the 
species. Range extension with climate warming may relate to increased establishment 
by increased sexual reproductive success, germination, seedling survival and growth. 
Also increased vegetative growth may help to explain poleward range extension of 
plant species in response to warming.
Table 1-6. Plant responses to climate warming possibly underlying contraction or extension of the geographic 
distribution range.
Range contraction Range extension
Direct responses 
Decreased growth           
 Decreased flowering           
 Reduced seed production  
Reduced seed germination
Increased growth             
 Advanced flowering phenology 
Increased seed production 
Increased seed germination
Indirect (competitive) responses Reduced competitiveness (for exam-
ple relating to acquisition of water, 
nutrients, light) to other organisms
Increased competitiveness
Interactions with abiotic (for exam-
ple edaphic) or biotic factors varying 
in parallel with climate change
E.g. changed soil acidity, increased 
grazing, reduced abundance of pol-
linators, reduced support by mycor-
rhiza, human interference
E.g. changed soil acidity, decreased 
grazing, increased abundance of 
pollinators, increased support by 
mycorrhiza, reduced human interfer-
ence 
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In addition to these direct mainly growth and morphological responses, indirect 
competitive responses include competition with neighbouring organisms, taking more 
advantages of improved conditions (e.g. availability of water, nutrients, light or space). 
While responses to the changing climate factors were experimentally tested with field 
manipulations of temperature, cloudiness and rainfall, no proper field experiments 
could and have been set up to experimentally analyse competitive relationships to 
be affected by changed climate factors. Later in this thesis (Chapter 5) the possible 
impact of climate change on competitive interactions between the studied dwarf 
shrub species will be discussed.
Finally, responses to other environmental conditions than the climate factors 
temperature, cloudiness and rainfall, may be involved. In this case we consider changes 
in the abiotic and biotic environment in parallel with climate change such as changing 
soil acidity and herbivory for example. Of course, changes of the geographic distribution 
range of species may also relate to human interference (e.g. pollution, exploitation, 
drainage, eutrophication) running parallel with climate change.
Symptoms, indicating either a retreat or an extension of the geographical range are 
expected to be detected first at the species’ range boundaries, as the species’ or 
vegetation dynamics probably will be more influenced by climate change than are 
dynamics within the interior of a species range (Walther 2004, Parmesan and Yohe 
2003). Also it is observed that the distributional changes often are asymmetrical, with 
species from lower latitudes or altitudes invading faster than the resident species are 
receding poleward or upward (Aerts et al. 2006). Thus, to explore the dynamics related 
to climate change at its best, it is required to investigate the species at the entire range 
or at least at the southern and northern (or lower and upper) range extremes. 
Changes of the geographic distribution range of Empetrum nigrum in relation to 
global warming
A species that meets some of the above requirements is the evergreen dwarf shrub 
Empetrum nigrum, Crowberry, a wind-pollinated species and producing animal-
dispersed opaque, black fruits. The taxonomy of this genus, previously mainly based 
on morphology, seems to be complex (Anderberg 1994). Recent molecular studies (for 
example Popp et al. 2011) identify in the Northern Hemisphere two major groups, of 
which a diploid, triploid and tetraploid Boreal to Arctic circumpolar group is recognised 
as Empetrum nigrum sensu lato, referred to in this thesis as Empetrum nigrum. Diploid 
dioecious plants are mainly found in Boreal-Arctic Europe and tetraploid monoecious 
plants mainly occur at high altitudes and latitudes. Both diploids and tetraploids vary 
considerably with overlapping morphological characters and are also known to co-
occur and to hybridize (Elven 2011, Li et al. 2002, Suda 2002, Nilsson et al. 2000). 
Overall, we consider these diploid and tetraploid long-lived prostrate dwarf-shrubs to 
be morphologically and physiologically adapted to ecological conditions in a similar 
way (Buizer et al. 2012). 
The distribution of Empetrum nigrum in the Northern Hemisphere, based on over 50 
000 records (Global Biodiversity Information Network 2012), includes the following 
Palaearctic countries: Andorra, Austria, Belgium, Bulgaria, Czech Republic, Denmark, 
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Estonia, Faroe Islands, Finland, France, Georgia, Germany, Greenland, Iceland, Ireland, 
Italy, Korea (North and South), the Netherlands, Norway, Poland, Romania, Russian 
Federation, Slovakia, Spain, Svalbard and Jan Mayen, Sweden, Switzerland, Turkey, 
Ukraine and the United Kingdom. Also the United States and Canada have to be 
included to complete the notable circumpolar distribution of the species (Figure 1-2). 
Figure 1-2. Circumpolar Boreal / sub-Arctic distribution of diploid dioecious Empetrum nigrum (left) and tetraploid 
monoecious Empetrum nigrum (right). Grey shaded areas represent the main area of distribution. Black dots represent 
occasional observations (modified after Anderberg 2010: http://linnaeus.nrm.se/flora). 
Dwarf shrubs dominate extensive ecosystems in the Northern Hemisphere, particularly 
in northwestern Europe. The European oceanic heathlands, dominated by Calluna 
vulgaris (Heather), are the most well-known (Birks et al. 1988, Gimmingham 1972, 
Haaland 2002, Odgaard 1988, Riis-Nielsen et al. 1991) and have been most intensively 
studied since long (for example Beijerinck 1942, Gimingham 1972), during the last 
decades with special emphasis to vegetation dynamics and nutrient recycling (for 
example Aerts and Heil 1993; Heil and Bobbink 1993).
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In the less intensively anthropogenic influenced and consequently more natural 
heathlands, Empetrum nigrum is a key-species, associated with among others Calluna 
vulgaris Salisb., Erica tetralix L. (Cross-leaved Heath), Vaccinium-species (Billberry) and 
to a lesser extent in the Arctic by Cassiope tetragona (L.) D.Don (Arctic bell heather). 
Prevailing conditions represent a combination of a cool temperature regime, a high 
atmospheric humidity throughout much of the year and a well-drained substrate. In 
coastal localities in northwestern Europe, the predominant harsh climate is assumed to 
be of major importance in keeping the area without tree growth (Tybirk et al. 2000). In 
sub-Arctic and Arctic regions with an increasingly severe climate, dwarf-shrub heaths 
replace forest and shrub vegetation. Finally, for similar climatical reasons, heathlands 
occur at high altitudes in various parts of the world as above the tree-limit on the 
western European mountains (Gimingham 1972). 
In the investigated coastal heathlands at the southern range margin, Empetrum nigrum 
dominates as a more or less continuous layer of vegetation on the relatively moist, 
decalcified and humus rich floors of lows in the grey dunes. We consider the actual 
combination of Empetrum nigrum with Salix repens and Erica tetralix as the association 
Salici repentis - Empetretum, while the relatively drier parts of the habitat present the 
association Carici arenariae-Empetretum with Calluna vulgaris, both part of the alliance 
Empetrion nigri (Barendregt 1982, Schaminée et al. 1996, www.synbiosys.alterra.nl). 
This implies that in these studied coastal heathlands three partially geographically 
overlapping dwarf shrub species occur, each with specific attributes which will be 
discussed in detail in Chapter 5, while the characteristics of the biomes in which the 
species mainly occur are summarized in Table 1-7. 
From this brief outline of biomes it appears that Empetrum nigrum, with its main 
distribution in the Boreal (sub)-Arctic biome, also extends into Atlantic parts of 
other biomes while Calluna vulgaris and Erica tetralix are mainly limited to a single 
biome only. Although this thesis focuses on Empetrum nigrum, the associated species 
Calluna vulgaris and Erica tetralix will also be studied in relation to the environmental 
manipulations (see Chapter 2 - Materials and Methods). Remarkably, a vegetation 
dominated by Empetrum nigrum, performing dense mats of a nearly monospecific 
vegetation, is found along the coastal fringes and also in the inland of the northwestern 
European countries. In the Netherlands, these heathlands are restricted to the Frisian 
Islands off the Dutch coast and to the coastal dunes of the mainland as far south as 
52o40’N near Bergen aan Zee (Barendregt 1982, Van der Meijden 2005, Floron 2011). 
Recent changes in distribution of Empetrum nigrum at the southern range margin
During the past decades the number of southerly observations of Empetrum nigrum in 
Germany, the Netherlands and in Great Britain and Ireland have decreased, indicating a 
northerly retreat (Table 1-8). In Germany, southerly observations of Empetrum nigrum 
have decreased since 1950, also suggesting a northward shift of its range in the lower 
plains of Germany (Fig. 1-3; www.floraweb.de). 
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Figure 1-3. The present distribution (●) of Empetrum nigrum in Germany (left); locations lost since 1950 (○). (Modified 
after www.floraweb.de). The distribution in Great Britain and Ireland (right): pale squares: 1970-1986; dark squares: 
records after 1986 (modified after Preston et al. 2002).
In the Netherlands, plant inventories have been made since the beginning of the 20th 
century. Although the relative frequency as used by Van der Meijden et al. (1989) did 
not decrease, a decline in southerly occurrences of Empetrum nigrum was observed. 
This decline does not necessarily mean a northward retreat, but detailed observations 
of the distribution (Figure 1-4) since 1950 do suggest a northward shift since many 
southerly occurrences disappeared from 1950 to 1980 (Floron 2011, Van der Meijden 
et al. 1989). 
Figure 1-4. The distribution of Empetrum nigrum in the 
Netherlands: black dots represent the distribution in 1 x 
1 km squares since 1975; orange squares represent the 
distribution in 5 x 5 km squares before 1950; dark green 
squares represent the distribution in 5 x 5 km squares 
between 1950-1980; light green squares represent the 
distribution in 5 x 5 km squares before 1950 as well as 
between 1950-1980 (modified after Floron 2001b).
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The distribution of Empetrum nigrum in the United Kingdom and Ireland has been 
thoroughly investigated and documented. Bell and Tallis (1973) already noted the 
species’ disappearance in Sussex and Dorset and also a northward retreat of the 
southern range margin in Britain as a reduction in number of its lowland sites, in part 
attributed to increasing mean winter temperatures from about 1800 to about 1940. 
Data from the Biological Records Centre (www.brc.ac.uk) demonstrated a similar 
shift, where Empetrum nigrum occurrences were mapped since the 1920’s and a clear 
decline of occurrences along the southern range margin was observed between 1950 
and 2000 (Figure 1-3). Based on the New Atlas of the British and Irish Flora (Preston 
et al. 2002), Empetrum nigrum declined between 1930-1969 and 1987-1999 with an 
index of -0.29, expressing the relative change in range size using atlas data for two 
periods (Hill et al. 2004). For each species, this index compares the difference in 
occupancy of 10 km squares between the periods 1930–1969 and 1987–1999 with the 
difference in occupancy that would be expected for an average species with similar 
overall frequency (Telfer et al. 2002).  
Table 1-8. Observed and predicted decline of Empetrum nigrum at the southern latitudinal and altitudinal range 
margin. References to model studies will be discussed in the paragraphs on ‘Potential effects of climate change on 
the geographical distribution of Empetrum nigrum’.
Country Source Type Observation
NL FLORON 2011 Flora Atlas Northward shift; since 1950
UK Bell and Tallis 1973 Article Northwest shift; not specified
UK BSBI maps Flora Atlas Northwest shift; since 1970
UK and Ireland PLANTATT change-index
Statistical analysis 
of datasets from 
past 80 years
Decrease in species range (index: 
-0.29); since 1939-1960
UK Fosaa et al. 2004 Model Predicted decline
UK Hulme et al. 1993 Model North to northwest shift
Denmark Harrison et al. 2006 Model Predicted decline
Faroe Islands Trivedi et al. 2008 Model Predicted decline
The introduction and use of a relative change index highlights a general problem in the 
use of atlases that map the distribution of many taxonomic groups. Limited information 
on abundance, variation in the geographical coverage, the survey intensity and the 
lack of data for groups that have been surveyed by comparable methods for two or 
more periods, cause biases in the accuracy and the use of such atlases. Despite these 
limitations, biological atlas data sets still provide the main source of information in 
studying trends in the range of species for two or more periods (Telfer et al. 2002). 
Recent changes in the geographical distribution of Empetrum nigrum at the northern 
range margin
Fries (cited by Engelskjøn et al. 2003) reported Empetrum nigrum in Grønfjorden for 
the first time in 1869 near the current settlement of Barentsburg, Svalbard. The origin 
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of the settlement of Empetrum nigrum on Svalbard was determined to lie in Eastern 
Greenland, with seeds most likely being transported by birds, possibly aided by sea ice 
(Alsos et al. 2007). Until recently, the species was assessed as rare on Svalbard while 
the shorter growing season only exceptionally permitted sexual reproduction by berry 
formation (Elvebakk and Spjelkavik 1995, Rønning 1996).
The present distribution of Empetrum nigrum on Svalbard is limited to two bioclimatic 
zones, namely the ‘inner Arctic fjord zone’ and the ‘middle Arctic tundra zone’, the 
latter showing even lower frequent and sparser populations than the more temperate 
inner fjord zone. The average July temperatures and the length of the growing season 
characterize both bioclimatic zones. The present abundance of Empetrum nigrum on 
Svalbard includes about 80 populations and is assessed as not in danger (Engelskjøn et 
al. 2003).
The separate populations are mostly small with closed stands less than 15 × 15 m; 
alternatively, scattered individuals or ramets within only one quarter of the 1 km 
UTM square (Engelskjøn et al. 2003) and confined to ‘hotspots’ like south-facing 
slopes  (Elvebakk and Spjelkavik 1995) exist. There may be doubt about the generative 
reproduction capacities of these populations under ambient temperatures, since no 
seeds of Empetrum have been observed in seed bank studies on Svalbard, from which 
was concluded that the most thermophilous species, rarely produce viable seeds 
under the present climatic conditions on Svalbard (Alsos et al. 2003, Engelskjøn et al. 
2003, Cooper et al. 2004). From these observations it can be concluded that Empetrum 
nigrum on Svalbard is occurring at its climatic northern limit. 
Since no historical flora atlas data is available for Svalbard, direct evidence for a 
northward extension in Empetrum nigrum distribution on Svalbard is not available. 
From the above observations it can be asserted that temperature is a constraint for 
Empetrum nigrum establishment, as confirmed by Brossard et al. (2002), Hallinger et 
al. (2010) and Myers-Smith et al. (2011). Given predictions that Svalbard is expected to 
become considerably warmer (Hanssen-Bauer 2002, IPCC 2007), it follows that more 
areas on Spitsbergen may become suitable for Empetrum nigrum establishment in the 
future (Table 1-9). 
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Table 1-9. Observed and predicted increase of Empetrum nigrum at its northern range margin.
Country Source Type Observation
Svalbard Engelskjøn, Lund and 
Alsos 2003
Observational research Thrives in warmer fjord environments, 
scarcer on colder tundra
Svalbard Elvebakk and Spjelka-
vik 1995
Observational research Increased occurrence in most temperate 
areas
Svalbard Brossard et al. 2002 Model Temperature correlates strongly with ther-
mophilic species distribution, including 
Empetrum.
Arctic Hallinger, Manthey 
and Wilmking 2010
Observational research Shrub expansion is caused by temperature 
increase.
Arctic Myers-Smith et al. 
2011
Meta-analysis Current explanations for shrub expansion 
point towards increased growing season 
temperatures
Sweden  Kullman 2010 Observational research Empetrum encroaches lichens
Sweden Wilson and Nilsson 
2009
Observational research Increased abundance over time
Altitudinal shifts
Effects of warming along the altitudinal border of Empetrum nigrum in the Scandinavian 
mountains have been demonstrated. In Sweden, the upper range margin of trees and 
low-altitude (Boreal) plant species advances, while dense mats of reindeer lichens 
are replaced by expanding Empetrum nigrum or other dwarf shrubs (Kullman 2010). 
From the Norwegian alpine mountains, Klanderud and Birks (2003) report the most 
dramatical advance of Empetrum nigrum increasing from nine to 69 observations and 
with an altitudinal change from the 1600 m to the 1800 m altitudinal band. Wilson 
and Nilsson (2009) report an increase in Empetrum nigrum abundance along an Arctic 
mountainside in northern Sweden over 20 years. During this time, the mean annual 
temperature increased by 2.0 °C and the growing season temperature by 2.3 °C.  
Potential effects of climate change on the geographical distribution of Empetrum 
nigrum
Additional evidence for the susceptibility of Empetrum nigrum to global warming 
comes from several modelling studies (Table 1-8). Fosaa et al. (2004) handle a warming 
scenario (+ 2oC) for the Faroe Islands allowing the upward migration along an altitudinal 
gradient of temperate and low alpine species. Empetrum nigrum was found one of the 
most vulnerable species to warming at this latitude. For 47 other plant species, the 
possibility to increase or decrease their occurrences across Europe for the distributions 
has been simulated. The predicted responses to climate change demonstrate that the 
distribution of many species in Europe may be affected by climate change, but that 
the effects are likely to differ between species. Empetrum nigrum may decrease in 
occurrence, particularly under the scenario with an annual mean temperature increase 
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of + 4.2°C by 2080 and only is expected to show a small increase in abundance in 
northern Scandinavia (Harrison et al. 2006). Climate change projections in the Scottish 
Highlands revealed that under warming scenarios low-altitude grass and heather 
species, characteristic of Boreal-temperate biomes, were projected to increase their 
possibilities for settlement, while high-altitude Arctic-montane species lost their 
possibilities for settlement, resulting for Empetrum nigrum a loss of 8% in quadrate 
occupancy (Trivedi et al. 2008).
Thus, at the southern range margin it may be expected that Empetrum nigrum will 
avoid areas with increasing temperatures, but at the northern range margin, increased 
temperatures will stimulate the occurrences. It may be concluded that there is 
increasing evidence that climate change actually influences changes of the latitudinal 
and the altitudinal distribution of Empetrum nigrum. This represents the background 
of our research hypothesis analysed in this thesis (Table 1-10).
Analytical framework 
Many environmental factors such as soil moisture, precipitation, nutrient availability, 
herbivory and pathogens influence plant growth and plant distribution. Generally the 
hypothesis that climate change is a most important driving factor is widely accepted 
(Brossard et al. 2002, Callaghan et al. 2004, Aerts et al. 2006 Alsos et al. 2007, Hallinger 
et al. 2010, Myers-Smith et al. 2012). However, despite the ecological evidence, the 
documented range shifts and co-occurring warming, the ecological mechanisms and 
feedbacks through which the latitudinal and altitudinal distribution of Empetrum 
nigrum is affected, are currently not well understood. To observe and to analyse these 
mechanisms at the individual and plant community level, field experiments were carried 
out at the southern range margin in the Netherlands (since 2005) and at the northern 
range margin on Svalbard, Norway (since 2008) of Empetrum nigrum, also involving 
associated dwarf shrub species. The environmental factors temperature, precipitation 
and cloudiness (shading) were manipulated and subsequent plant responses were 
monitored for Empetrum nigrum and the associated species Calluna vulgaris and Erica 
tetralix at the southern range margin and for Empetrum nigrum and co-occurring 
Cassiope tetragona at the northern range margin. Types of ecological responses to 
be distinguished include direct responses to the manipulated climate factors and 
responses to other uncontrolled, but co-occurring changing environmental factors. 
Direct responses include changes in vegetative (Table 1-11) and generative (Table 
1-12) growth characteristics possibly explaining observed changes in geographical 
distribution. For example, range extension of Empetrum nigrum on Svalbard may result 
from a direct, positive growth response to warming with OTCs and northward retreat 
south at Bergen aan Zee, the Netherlands, from a direct negative response to warming. 
Changing environmental factors possibly affecting the geographical distribution include 
the biotic (for example invading herbivores or diseases) or the abiotic environment (for 
example nutrient rich precipitation or changing soil conditions including the calcium 
content and acidity of the soil of the studied ecosystems (Rozema et al. 1985). 
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Research questions 
There is increasing evidence and it is widely accepted that climate change influences 
the latitudinal and altitudinal distribution ranges of numerous animal and plant 
species, however the mechanisms and feedbacks are insufficiently known. The overall 
aim of this thesis is to increase our understanding of these mechanisms by studying the 
effects of three manipulated environmental (abiotic) factors: enhanced temperature, 
enhanced precipitation and enhanced cloudiness (enhanced shading). Of these factors 
temperature is generally expected to be a main driver behind phenological changes and 
range shifts. Although there are many studies describing range shifts qualitatively, this 
is one of the first studies that experimentally investigates an evergreen dwarf shrub, 
Empetrum nigrum, both at its northern and southern range margin at the individual 
plant and community level. The research questions addressed in the subsequent 
chapters are listed in Table 1-10 and a summary of more detailed hypotheses of how 
various parameters will respond to enhanced temperature, enhanced precipitation 
and enhanced cloudiness is given in Tables 1-11 and 1-12.
Table 1-10. Research questions addressed in this thesis.
1. Do generative responses of Empetrum nigrum (flowering and flowering phenology parameters, Chapter 4) 
change due to increased warming with OTCs, both at the southern and northern range margin?
2. Do increased warming with OTCs (Chapter 5), increased precipitation (Chapter 6) and increased cloudiness (in-
creased shading, Chapter 7) affect the vegetative growth parameters at the southern and northern (only tempera-
ture) range margin and can differences be detected between these two range margins?
3. Do observed effects of generative and vegetative growth responses of Empetrum nigrum to experimental warm-
ing help to explain the observed trends in distribution south and north?
4. Are vegetative growth responses of Empetrum nigrum, Calluna vulgaris and Erica tetralix (south) and of Cassi-
ope tetragona (north) differentially affected by enhanced warming with OTCs at the range margins of Empetrum 
nigrum?
Hypotheses
As has been explained before, the three species involved in the current research all 
show ecological preferences, as partially expressed in the climatic characteristics of 
the preferred biomes (Table 1-7). Based on these findings we expect, in general terms, 
differential responses to environmental perturbations as hypothesized in the following 
paragraphs.
Empetrum nigrum
Based on the climatic characteristics (Table 1-7), the analytical framework and the 
research questions (Table 1-10), we summarized the hypotheses in Tables 1-11 and 
1-12 in which also the selected vegetative and generative parameters are presented. 
For the direct responses for Empetrum nigrum related to vegetative growth we 
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expect, if the northward retreat at the southern range margin is caused by a direct 
growth response, that the selected vegetative growth parameters will show a negative 
response to artificial warming by OTCs. If the northward increase at the northern range 
limit is caused by a direct growth response, the selected vegetative growth parameters 
will show a positive response to artificial warming by OTCs. With respect to leaf life 
span (LLS) it is expected that a reduced time (indicated by a – minus sign) is needed 
to develop new leaves in a warming climate and thus LLS to reduce with OTC warming 
at the southern and northern range margins. A reduced LLS (-) reflects a response to 
more favourable conditions. With respect to sexual reproduction we hypothesize that 
in case of the northward retreat at the southern range margin is caused by reduced 
fruit production by warming by OTCs. A northward increase at the northern range limit 
may relate to increased berry development. 
Related to enhanced precipitation we hypothesize that if the northward retreat at 
the southern range margin is related to an increase of precipitation, the selected 
vegetative growth parameters will show a negative response to enhanced precipitation 
(on Svalbard the precipitation experiment had to be ended prematurely). 
Calluna vulgaris and Erica tetralix
The main geographic distribution of Calluna vulgaris is limited to (sub-) Atlantic and 
continental biomes with high (summer) temperatures (Table 1-7) and that of Erica 
tetralix is limited to the Atlantic West-European biome with high precipitation and 
moisture degree (Table 1-7), such in contrast to Empetrum nigrum. The latter species 
is, in addition to its main occurrence inhabiting Boreal and sub-Arctic biomes (Table 
1-7), also known from the aforementioned biomes of Calluna and Erica. From Figure 
5-1 (Calluna) and Figure 5-2 (Erica) it can be derived that both species in Bergen aan 
Zee are studied in the centre of their natural geographical distribution area. Hence, it is 
expected that both species will show growth responses to manipulated abiotic factors 
in accordance with their respective biome characteristics: positive growth responses to 
warming and precipitation and neutral to reduced light (Table 1-7). 
Thus we hypothesize that Calluna vulgaris, with the ability to withstand high continental 
summer temperatures (Table 1-7) and related to increased warming is expected to 
show a stronger positive growth response to warming compared to the other involved 
species. We expect also increased growth with respect to enhanced precipitation, 
however reduced growth with respect to increased cloudiness is hypothesized.
For Erica tetralix, related to enhanced warming, we hypothesize increased growth. 
Enhanced precipitation is expected to show the strongest growth response since Erica 
is the most oceanic of the of involved species with clear preferences for moist to wet 
conditions. A reduced growth response is expected relative to increased cloudiness.
Competition between Empetrum and both co-occurring Calluna and Erica, might be 
of importance for survival of Empetrum at the southern range margin. Hence, we 
hypothesize that in case of the northward retreat at the southern range margin is 
(partly) related to increased competitiveness of Calluna vulgaris and / or Erica tetralix, 
it is expected that both these species may perform larger positive vegetative responses 
to warming than Empetrum nigrum.
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At the northern range margin we hypothesize that the northward increase (partly) 
may be caused by a competitive advantage of Empetrum over Cassiope tetragona. It 
is expected that Empetrum nigrum demonstrates an increased growth response to 
warming as compared to Cassiope.
Table 1-11. Summary of hypotheses related to the expected vegetative responses of Empetrum nigrum, including 
co-occurring Calluna vulgaris, Erica tetralix and Cassiope tetragona to increased warming, increased precipitation 
and increased cloudiness at the southern and northern range margins of Empetrum nigrum;  + positive response; 
- negative response; o not investigated. 
Treatment Parameter
Southern (Atlantic) range margin
Northern (High Arctic) range 
margin
Empetrum Calluna Erica Empetrum Cassiope
Increased w
arm
ing
growing season 
length
- + + + +
shoot length - + + + +
growth rate - + + + +
leaf life span * - o o - o
biomass - + + + +
ground cover - + +
vegetation 
height
- + + + +
Increased precipi-
tation
shoot length + + + o o
Increased cloudiness
shoot length + + + o o
leaf scar dis-
tance + o o o o
stem diameter + o o o o
number of 
leaves
+ o o o o
leaf length + o o o o
leaf width + o o o o
leaf thickness - o o o o
leaf weight - o o o o
leaf life span + o o o o
* Leaf longevity tends to decrease with warmer climates with reduced time to develop new 
leaves (Aerts 1995, Chabbot and Hicks 1982, Karlsson 1992). Because of the expected decrease, 
the minus sign (-) is used, both south and north.
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Table 1-12. Summary of hypotheses related to the expected generative responses of Empetrum nigrum to 
experimental warming with OTCs at its southern (Atlantic) and northern (High Arctic) geographic range margins;  + 
increasing value; - decreasing value. 
Generative responses 
Phenology 
Parameter Southern range margin Northern range margin 
Flowering season length (days) - + 
Advanced timing of bud burst (P1-P2) + + 
Advanced timing of fully developed anthers 
(P5) 
+ + 
Berry developm
ent 
Advanced timing of berries Ø 1-2 mm (P2) + + 
Advanced timing of berries colouring black 
Ø 4-6 mm (P5) 
+ + 
Advanced timing of berries fully black Ø 5-
10 mm (P6) 
+ + 
Berry size (Ø mm) - + 
Berry weight (mg) - + 
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Outline of the thesis 
In Chapter 1 the subject of these investigations is broadly introduced and the literature 
referring to the ecological and phenological responses and observed range shifts 
of dwarf shrubs is discussed. Finally, the research questions and hypotheses are 
formulated. In Chapter 2 the materials and methods, including a description of the 
research locations in the Netherlands and on Svalbard, are described. In Chapters 3 the 
results of the temperature manipulations using OTCs are presented and discussed and 
Chapter 4 reports and considers the direct effects of the temperature manipulations 
on the generative responses, including flowering phenology and ripening of berries. In 
Chapter 5 the vegetative responses of Empetrum nigrum, Calluna vulgaris and Erica 
tetralix to enhanced temperatures are reported and discussed. In Chapter 6 and Chapter 
7 the vegetative growth responses to increased precipitation and increased shading of 
Empetrum nigrum are reported. In Chapter 8 the results of these investigations are 
summarized and generally discussed in a broader context.
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Chapter 2 
Materials and methods
General outline
In this chapter a general outline of the research areas at the southern and northern 
range margin of Empetrum nigrum and the used materials and methods is provided, 
insofar this relates to all of the experiments. All references to the southern, respectively 
northern range margin of Empetrum nigrum are based on data from these locations. 
More specific information on material and methods is given in the relevant chapters.
Site description at the southern range margin
At its southern range margin in the coastal dunes, Empetrum nigrum was studied north 
of the village of Bergen aan Zee, the Netherlands (52o40’N 4o38’E). The study area 
(Figure 2-1), which is known as Buizerdvlak, comprises approximately 100 hectares and 
is part of the North-Holland Nature Reserve managed by the Provincial Waterworks of 
North-Holland (PWN). 
Figure 2-1. Top: the position of the experimental area at the southern range margin of Empetrum nigrum intermingled 
with flowering Calluna vulgaris near Bergen aan Zee, the Netherlands in September 2011. The fence (upper left) 
prevents grazing and trampling by Scottish Highland cattle, at the background plantations of Pinus nigra austriaca. 
Bottom: part of vegetation map of the North-Holland Nature Reserve covering the research areas, indicated by black 
squares, within ‘dune heaths with Empetrum and Calluna’ (Everts et al. 2011). Left square = westernmost research area 
since 2006, right square = easternmost research area since 2005.
Figure  2-­‐1.	  Top:	   the	  position	  of	   the	  experimental	  area	  at	   the	  southern	  range	  margin	  of	  Empetrum  nigrum   intermingled	  with	   flowering	  
Calluna   vulgaris	   near	   Bergen	   aan	   Zee,	   the	  Netherlands	   in	   September	   2011.	   The	   fence	   (upper	   left)	   prevents	   grazing	   and	   trampling	   by	  
Scottish	  Highland	  cattle,	  at	   the	  background	  plantations	  of	  Pinus  nigra  austriaca.  Bottom:  part	  of	  vegetation	  map	  of	   the	  North-­‐Holland	  
Nature	  Reserve	  covering	  the	  research	  areas,	   indicated	  by	  black	  squares,	  within	   'dune	  heaths	  with	  Empetrum	  and	  Calluna'	   (Everts	  et  al.	  
2011).	  Left	  square	  =	  westernmost	  research	  area	  since	  2006,	  right	  square	  =	  easternmost	  research	  area	  since	  2005.  
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Figure 2-2. Open Top Chambers (n=10) in the Buizerdvlak research area near Bergen aan Zee in August 2008, the 
Netherlands at the southern range margin of Empetrum nigrum. The control plots (n=10) are not visible. The plots were 
randomly chosen but such that the co-occurring Calluna vulgaris (flowering) and Erica tetralix were present. 
The geomorphology of the area includes low (up to 7 m above sea level) southwest - 
northeast oriented dune ridges separated by large dune valleys, all 4-5 m above sea 
level. The vegetation of these valleys is dominated by Empetrum nigrum (80-100% 
cover of the ground area), Calluna vulgaris (up to 25% cover) and Erica tetralix (up 
to 5% cover). Accompanying species, with a low abundance include Carex arenaria, 
Salix repens, Calamagrostis arenaria, Festuca ovina, Agrostis capillaris and the mosses 
Hypnum jutlandicum and Dicranum scoparium. Within this dwarf shrub dominated 
area two research areas, each of about 100 x 100 m2 were selected (Figure 2-1 bottom). 
In the easternmost research area, the position of ten open top chambers (hereafter 
OTCs) and ten marked control plots was selected with randomly chosen coordinates, 
the only constraint being that Empetrum nigrum, Calluna vulgaris and Erica tetralix 
were present in the hexagon plots. All plots have been in place year-round since 
March 2005. The westernmost research area was used for the enhanced precipitation 
experiments, for which likewise ten manipulated and ten control plots were selected. 
Similarly, the positions of ten cloth-covered cubes to simulate increased cloudiness 
(shade) and ten control plots were selected. 
Herbivory and perturbations of potential importance to the research results
The berries of Empetrum nigrum are known as a food source for various fruit eaters and 
shoots are eaten by ptarmigan and grouse in Great Britain (Bell and Tallis 1973). The 
high phenolic content is expected to reduce browsing and to repel most biotic enemies 
(Tybirk 2000), but some insect species may feed on Empetrum (Bell and Tallis 1973). 
However, no signs of herbivore or insectivore animal species have been observed during 
the research but since Empetrum nigrum is found to be very sensitive to mechanical 
  
Figure  2-­‐2.	  Open	  Top	  Chambers	   (n=10)	   in	   the	  Buizerdvlak	   research	  area	  near	  Bergen	  aan	  Zee	   in	  August	  2008,	   the	  Netherlands	   at	   the	  
southern	  range	  margin	  of	  Empetrum  nigrum.	  The	  control	  plots	  (n=10)	  are	  not	  visible.	  The	  plots	  were	  randomly	  chosen	  but	  such	  that	  the	  
co-­‐occurring	  Calluna  vulgaris	  (flowering)	  and	  Erica  tetralix	  were	  present.  	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disturbance (Riis 1991, Tybirk 2000, own observations), fences prevented the Scottish 
Highland cattle to enter the research areas. Fences also prevented the co-occurring 
Calluna vulgaris, which is especially in winter a valuable and substantially part of the 
diet for cattle, to be eaten while the important insect pest of Calluna vulgaris, the 
heather beetle (Lochmaea saturalis), was not observed during the research period 
(Gimingham 1972).
Site description at the northern range margin 
At the northern range margin, Empetrum nigrum inhabits locations of the Arctic island 
of Spitsbergen, in the Svalbard Archipelago (Rønning 1995, Elvebakk and Spjelkavik 
1995, Alsos et al. 2011). In 2008, ten OTCs were placed on the southeast-facing slope of 
the Endalen valley (78o13’332’’N 15o33’252’’E), being a side valley of the Adventdalen 
fjord system in the vicinity of Longyearbyen (Figure 2-3). Empetrum nigrum was found 
along a narrow uphill transect and therefore OTCs have been placed in 2008 along this 
altitudinal transect (ranging approximately 30 height meters) and have been in place 
year-round 2008-2012 and until now. For each OTC a control plot was designated close 
by at the same altitude assuming identical conditions.
Figure 2-3. The position of the experimental area at the northern range margin of Empetrum  nigrum in Endalen, 
Svalbard. Empetrum nigrum was found along a narrow uphill transect and therefore OTCs have been placed in 2008 
along this altitudinal transect instead of randomly positioned. Control plots were positioned nearby the OTCs.
Figure  2-­‐3.	  The	  position	  of	  the	  experimental	  area	  at	  the	  northern	  range	  margin	  of	  Empetrum  	  nigrum	  in	  Endalen,	  Svalbard.	  Empetrum  
nigrum	  was	  found	  along	  a	  narrow	  uphill	  transect	  and	  therefore	  OTCs	  have	  been	  placed	  in	  2008	  along	  this	  altitudinal	  transect	  instead	  of	  
randomly	  positioned.	  Control	  plots	  were	  positioned	  nearby	  the	  OTCs.	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Accompanying species were Cassiope tetragona (White Arctic Bell-heather) and 
Bistorta vivipara (Alpine Bistort). In contrast to the research area at the southern range 
margin, the area north was not fenced. Potentially this may allow herbivores (reindeer, 
geese, ptarmigan) to feed on Empetrum nigrum plants or berries. 
Figure 2-4. The research site in Endalen, summer 2011. OTCs and control plots were established spring 2008 and stayed 
in place year-round. Plots were chosen so that both E. nigrum and C. tetragona occurred in both controls and OTC’s. 
Note the uphill transect and rocky topography (photography Jaap van Rijckevorsel).
Enhanced temperatures and temperature monitoring at the southern and northern 
range margin
Climate warming was induced using hexagonal OTCs, 2.20 m in diameter and 50 cm 
tall, constructed of six high solar transmittable Lexan perspex panels with vertical ribs 
sloping 60o inwards with respect to the horizontal, thus meeting the requirements of 
ITEX (Henry and Molau 1997, ITEX 1996, Marion et al. 1997). Artefacts are bound to exist 
close to the OTC-panels: plants demonstrate enhanced growth and are often skirting up 
against the panel. For this reason, all temperature and plant parameter measurements, 
plant selection and positioning of the temperature loggers were performed in a central 
section of 50 x 50 cm2 inside the OTCs and the control plots. OTCs are well known 
Figure  2-­‐4.	  The	  research	  site	   in	  Endalen,	  summer	  2011.	  OTCs	  and	  control	  plots	  were	  established	  spring	  2008	  and	  stayed	   in	  place	  year-­‐
round.	  Plots	  were	  chosen	  so	  that	  both	  E.  nigrum	  and	  C.  tetragona	  occurred	  in	  both	  controls	  and	  OTC’s.	  Note	  the	  uphill	  transect	  and	  rocky	  
topography	  (photography	  Jaap	  van	  Rijckevorsel).	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for their ability to increase air temperatures but may have additional effects on other 
abiotic factors (reduced windspeed, exclusion or grazing by large herbivores). These 
additional effects will be addressed in the discussion section of Chapter 3 for all cases 
where they potentially may have influenced the responses of plants.
Temperature was measured continuously and synchronously in each OTC and 
each control plot at hourly intervals with Gemini Tinytag TG-0050 loggers (www.
geminidataloggers.com Chichester UK) that were installed 10 cm above soil level. The 
loggers were protected from direct sun radiation and precipitation by a plastic screen, 
Ø 10 cm. Average temperatures over 24 h, 12 h (06.00-18.00) and 4 h midday intervals 
(10.00-14.00) were calculated to assess differences between OTCs and control plots.
Enhanced precipitation at the southern range margin
In the enhanced precipitation experiment, plants received a double amount of 
precipitation (Table 2-1) relative to the annual average ambient precipitation of 964 
mm. 
Table 2-1. Enhanced precipitation: monthly supplied precipitation (mm), differentiated relative to the ambient 
precipitation. Data: meteorological observatory De Kooy, 52o55’N 4o47’E (data knmi).
January
February
M
arch
A
pril
M
ay
June
July
A
ugust
Septem
ber
O
ctober
N
ovem
ber
D
ecem
ber
65 92 49 52 66 33 71 104 99 122 122 89
Average ambient precipitation was calculated for 2000-2005, using data from De Kooy 
at 52o55’N 4o47’E (knmi). The ambient precipitation infiltrated in the soil and was 
pumped out to pour out (twice-) weekly over the enhanced precipitation plots. Water 
from this well, 4 m below ground level, with a temperature of 12-13 oC and pH 6.3-6.5 
(average values) sufficiently approached the quality of ambient precipitation. 
Simulating increased cloudiness: shading at the southern range margin
Solar photosynthetic active radiation was reduced in shade plots, created by placing 
cloth-covered cubes (50 x 50 x 50 cm2) over the vegetation in the westernmost research 
area (Figure 2-5). The cubes were covered with light filtering mesh cloth (mesh size 1 x 1 
mm), attenuating about 50% of the photosynthetic active radiation thus approximating 
the reduction in the understorey of Betula (Michelsen et al. 1996; see Chapter 7).
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Figure 2-5. An overview of the westernmost research area (2010) with ten shade plots simulating increased cloudiness. 
The light filtering mesh cloth reduced the amount of photosynthetic active radiation by about 50% year round. Plots 
were chosen randomly, but such that Empetrum nigrum, Calluna vulgaris and Erica tetralix were included (photography 
Florus Sibma). 
The position of ten marked shade plots and ten marked control plots was set with 
randomly chosen coordinates, the only constraint being that Empetrum nigrum, 
Calluna vulgaris and Erica tetralix were present in each of the plots (Figure 2-5). To 
assess the plants’ responses to shade, the cubes could easily be taken off and exactly 
replaced since the edge poles were fixed in plastic tubes. To compare temperatures 
between the shade plots and the control plots Gemini Tinytag loggers were installed. 
Labelling of plants 
In all plots with manipulated temperature, precipitation and photosynthetic active 
radiation and all control plots, five branches per plant species were randomly selected 
and tagged, using a grid covering the central section, measuring 50 x 50 cm of the 
plots, thus avoiding edge artefacts. Uniquely coded waterproof tags were attached by 
button thread to each of the selected branches. 
Empetrum nigrum and Erica tetralix show strong clonal growth and are, like Calluna 
vulgaris, strongly ramified. This causes difficulties in identifying individual plants in the 
field and thus it precludes the use of shoots of apparently individual plants. This might 
result in either treatments that are not replicated or replicates that are not statistically 
independent (Hurlbert 1984). The labelled branches per species within each plot are 
pseudoreplications, and the plots themselves represent the smallest independent 
experimental unit. Therefore, the average values of each variable for each plot was 
used, with n=10 replications per treatment.
Figure  2-­‐5.	  An	  overview	  of	  the	  westernmost	  research	  area	  (2010)	  with	  ten	  shade	  plots	  simulating	  increased	  cloudiness.	  The	  light	  filtering	  
mesh	  cloth	  reduced	  the	  amount	  of	  photosynthetic	  active	  radiation	  by	  about	  50%	  year	  round.	  Plots	  were	  chosen	  randomly,	  but	  such	  that	  
Empetrum  nigrum,	  Calluna  vulgaris	  and	  Erica  tetralix	  were	  included	  (photography	  Florus	  Sibma).	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Measurement of annual branch growth
All analyses concern measurements of annual plant growth responses to manipulated 
environmental conditions or ambient environmental conditions. 
The distinction between former years’ branches and newly formed shoots is visible to 
the naked eye as a transition. In Empetrum nigrum and Erica tetralix the termination 
of each seasons’ growth is marked by the presence of crowded whorls of leaves of 
decreasing size from where the new seasons’ growth with longer internodes extends. 
Old flower buds may also be present at the end of stems of Empetrum nigrum. 
Moreover, young shoots of Empetrum nigrum are invariably reddish in colour with 
remarkable longer and sturdier leaves than older, full grown leaves (Bannister 1966, 
Bell and Tallis 1973). In addition, the leaf scars on stems of Empetrum nigrum and Erica 
tetralix show reduced distances at the beginning and at the termination of the growing 
season and thus are useful indicators for annual growth as well. Finally, for the shoot 
apexes of Empetrum nigrum the onset of growth is indicated by shifting to a bright 
light green tip, smaller than 1 mm in diameter, soon followed by the first outgrowth of 
young leaves that have been pre-developed in the previous year. 
In Calluna vulgaris new growth in spring may start from the over-wintered apex of 
long shoots. However several short shoots, normally at the distal zone, may grow out 
frequently into new long shoots as well. During the winter period internodes and leaves 
become smaller, so that hibernating foliage leaves become densely packed and smaller 
towards the apex and clearly mark the following growing season. Finally, old shoots’ 
leaves are invariably brown, while newly formed shoots bear green leaves. Cassiope 
tetragona also forms smaller leaves at the beginning and the end of each growing 
season, which results in a wave-like pattern visible along the stem. Consequently, leaf 
scar distances decrease at the end of the growing season, leading to patterns similar 
to those of leaf length, thus allowing the detection of annual growth and, in the end, 
climate reconstruction in the Arctic and understanding past climate change (Rozema et 
al. 2009, Weijers et al. 2010, cf Vandenberghe et al. 1998, Van Huissteden et al. 2003).
Plant parameters 
Plant parameters are specified in Table 2-2. Parameters 1 to 11 were determined on the 
basis of individual plants, whereas parameters 12 to 14 were determined on the basis of 
the final harvest of the total number of plants present in the plots. This only happened 
in the southern research area in 2011-2012. Parameter 11, LLS, was determined for 
each years’ section by dividing the green leaves by the number of brown leaves still 
present; in case of brown leaves shedded off, the leaf scars were counted. The sum of 
all years defines the LLS (cf Weijers 2012, Weijers et al. 2010).
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Table 2-2. Measured plant parameters of Empetrum nigrum, Calluna vulgaris, Erica tetralix and Cassiope tetrago-
na studied at the southern and northern range limits of Empetrum nigrum. 
52o: southern range limit 78o: northern range limit 
individual plants
Parameter Empetrum Calluna Erica Empetrum Cassiope
1. Phenology x x
2. Berry weight x x
3. Berry diameter x x
4. Berry abundance x x
5. Shoot length x x x x x
6. Shoot growth rate x x x x x
7. Shoot biomass x
8. Shoot thickness x
9. Leaves per shoot x
10. Leaf length x
11. Leaf life span x x
all plant of 
enti
re plot
12. Total plot biomass x x x
13. Ground cover area x x x
14. Canopy height x x x
A summary of units and principal methods to determine plant parameter average 
values is presented in Table 2-3. The used analytical methods are introduced in more 
detail in the material and methods paragraph of the corresponding chapters.
49
Table 2-3. Summary of units and principal methods to determine plant parameter average values. The used 
methods are introduced in more detail in the introductory paragraphs of the corresponding chapters.
Parameter Unit Method / equipment
1. Phenology % Estimation by 2-3 persons, mean value
2. Berry weight mg Sartorius analytical balance
3. Berry diameter Ø mm Ruler / Mitutoyo digital calliper 
4. Berry abundance n shoot-1 Counting
5. Shoot length mm Ruler / Mitutoyo digital calliper 
6. Shoot growth rate mm day-1 ½ L
max 
/ t
75
-t
25
 (Bannister, 1978)
7. Shoot biomass mg Sartorius analytical balance
8. Shoot thickness Ø mm Mitutoyo digital calliper 
9. Leaves per shoot n shoot-1 Counting
10. Leaf length mm-2 Mitutoyo digital calliper 
11. Leaf life span year Ratio green leaves/brown leaves or scars/year 
12. Total plot biomass g Sartorius precision balance
13. Ground cover area m2 Adobe Photoshop CS 4 analysis
14. Canopy height cm Ruler
Statistical analysis
Differences between average air temperature in control plots and OTCs (warming 
experiments) and between average air temperature as well as the amount of 
photosynthetic active radiation (PAR) betwee control plots and shade plots (shade 
experiments) were analysed using a paired samples T-tests for three different time 
intervals (24h, 12h and 4h).  We justified the use of the paired samples T-test because 
we found that small differences in the amount of solar radiation and cloudiness directly 
influenced the air temperature in OTCs and control plots in very short time intervals. 
To compare these temperatures, simultaneous records were necessary. Therefore 
we used one computer to adjust the Tinytag temperature loggers in such a way that 
the hourly temperatures were simultaneously recorded and an exact comparison of 
temperature data was possible. This also applied to the simultaneously recorded PAR-
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data. Differences between berry weight and diameter (Chapter 4), shoot growth, shoot 
growth rate and leaf life span (Chapter 5) in OTCs and control plots as well as soil 
moisture content in shade plots and control plots (Chapter 7) all were assessed by one-
way ANOVAs. The similar test was used to analyse differences between Growing Degree 
Day values and Growing Season Length (Chapter 1). To test whether OTC-warming 
affected growth parameters across all consecutive years, a repeated measures ANOVA 
was used, with treatment (manipulated environmental factor) as the between-subject 
factor and time as within-subject factor. The OTC-effect on timing of the different 
phenological stages was analysed through chi-square tests of homogeneity with 
warming treatment and phenological stage as factors. Chi-square tests were essential 
to explicitly account for the dependencies among the proportions of plants attributed 
to a particular phenological stage. All assessment dates and male and female data 
were analysed separately. To avoid amplification of type-I errors, we corrected all 
P-values with a Bonferroni factor. Upon rejection of the overall null hypothesis for a 
particular chi-square test for homogeneity, a subset chi-square analysis was run to 
determine which phenological stage contributed most to the observed significant 
effect of warming treatment. Subset analysis was based on the progressive deletion of 
the stage-treatment combination with the highest contribution to the calculated chi-
square value. Statistical data analysis was performed in SPSS 16.0.
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Chapter 3
Temperature manipulations
Abstract
To simulate the predicted temperature increase in the 21st century, we subjected 
plants to artificially enhanced temperatures with OTCs. At the southern range margin, 
this resulted in a significant increase of 2 oC during summer and annually of 1.2 oC (12 
h interval). At the northern range margin, this resulted in a significant increase of 1.7 
oC during summer. Although the use of OTCs may have some unintended changes, we 
assumed the effects of artefacts to be limited and the results of artificially enhanced 
temperatures simulating the expected climate change during the 21st century in a 
realistic way.
Introduction
A substantial part of the investigations in this thesis concerns the responses of three 
dwarf shrub species to manipulated, enhanced temperatures simulating the expected 
climate change during the 21st century. In these investigations, OTCs were used for 
this purpose, accordingly to the ITEX protocol (ITEX 1996) and as specified in Chapter 
2. Therefore, the results of the analyses of temperature manipulations both at the 
southern and the northern range limit of Empetrum nigrum are dealt within this 
chapter and to which will be referred to in the relevant sections. 
Materials and methods
The hourly simultaneously monitored temperature data with Gemini Tinytag TG-
0050 loggers (www.geminidataloggers.com, Chichester, UK), installed as described 
in Chapter 2, was analysed with Tinytag Explorer Software SWCD-0040. The average 
temperatures over the 24 h, 12 h (06.00 - 18.00) and 4 h (10.00 - 14.00) intervals were 
calculated to assess differences between OTCs (n=10) and control plots (n=10).
Results 
The almost uninterrupted series (southern research area 2006-2010; Figure 3-1; 
northern research area 2008-2010; Figure 3-2) of hourly temperature observations 
with Tinytag loggers demonstrated, that inside the OTCs the average annual and 
average summer (June, July, August) temperature at Bergen aan Zee for 12 h intervals 
(p<0.001) and the mean summer (June, July, August) temperature at Endalen for 24 h 
intervals significantly increased (p<0.004; Table 3-1). 
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Figure 3-1. Summary of results of temperature manipulation at the southern range margin (Bergen aan Zee) since 
November 2005 with OTCs and ambient temperature in control plots. The graphs visualize the seasonal variation of 
air warming assessed as average values for the 24 h, 12 h and 4 h intervals. The temperature difference between OTCs 
and control sites is at the bottom of the graph, showing greatest differences for the 4 h interval (+1.6 oC), intermediate 
differences for the 12 h interval (+1.2 oC) and the slightest difference for the 24 h interval +0.4 oC).
Table 3-1.  Climate characteristics at the southern range margin of Empetrum nigrum at 52o N, Bergen aan Zee, 
the Netherlands and at the northern range margin at 78oN, Endalen, Svalbard, Norway. * = significant at 0.05; 
ns = not significant; ambient south knmi. Ambient north www.dnmi.no; ∆ T o C represents the temperature 
difference between OTC and control plots.  OTC south calculated for 12 h intervals; OTC north calculated for 24 h 
interval.
Ambient south OTC Ambient north OTC
Temp o C 1961-
1990
1991-
2010
change ∆ T o C 1961-
1990
1991-
2010
change ∆ T o C
Annual 9.3 10.2 + 0.9 * + 1.2 * - 6.0 - 4.6 + 1.4 *
 Summer 14.3 15.1 + 0.8 * + 2.0 * 4.9 5.2 + 0.3 * + 1.7 *
Winter 3.2 3.9 + 0.7 * 0.0 ns - 14.2 - 11.7 + 2.5 * 0.0 ns
Between 1961 and 1990 ambient average summer temperature has increased by 0.8 
oC in the Netherlands. Here, placement of OTCs led to an increase of average summer 
(June, July, August) temperature by 2.0 oC. On Svalbard, ambient average summer 
temperature has increased by 0.3 oC between 1961 and 1990. Here, temperatures 
were on average 1.7 oC higher in OTCs than in control plots. 
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Table 3-2. Growing degree days (GDD), representing accumulated heat (oC), with thresholds of 1 oC and 5 oC; 
growing season length (GSL), representing the number of days exceeding thresholds of 1 oC or 5 oC. * = significant 
at 0.05; ns = not significant. Ambient south www.knmi.nl. Ambient north www.dnmi.no.
Ambient south Ambient north
1961-1990 1991-2010 Change 1981-1990 1991-2000 2001-2010 Change
GDD1 362.7 401.9 503.7 + 141.0 *
GDD
5
1716 1915 + 199 * 74.6 85.9 131.2 + 56.6 *
GSL1 91.3
97.6 110.8 + 19.5 *
GSL
5
270 291 + 21 * 39.2 43.4 60.9 + 21.7 *
The mean annual Growing Degree Day-value with a threshold of 5 oC also increased 
significantly (p<0.001) in the Netherlands since 1981. The mean annual Growing Degree 
Day-values with thresholds of 1 oC and 5 oC on Svalbard both significantly (p<0.001) 
increased since 1981 (Table 3-2). 
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Figure 3-2. Average temperatures (oC; 24 h interval) at Endalen, Svalbard research area recorded throughout the 
growing seasons 2008 (A), 2009 (B) and 2010 (C) respectively. Solid lines indicate temperatures inside OTCs, dashed 
lines indicate control plot temperatures, solid lines at the bottom of each graph indicate differences between OTCs and 
control plots temperatures.
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Discussion
In this study we simultaneously monitored air temperatures inside OTCs and control 
plots during 2006-2010 at the southern research area and during 2008-2010 at the 
northern research area. The corresponding annual (phenological) cycles of flowering, 
fructification, leaf unfolding and senescence of Empetrum nigrum, Calluna vulgaris 
and Erica tetralix (south) and Empetrum nigrum and Cassiope tetragona (north), have 
been under the influence of the manipulated temperatures in OTCs. We calculated 
the air temperatures for 24 hours, 12 hours (06.00-18.00 h; ‘daytime’) and 4 hours 
(10.00-14.00; ‘around noon’) intervals because air temperature inside OTCs and of 
control plots rises as a result of the capture of solar radiation during the daytime, 
which is lacking during the dark. Consequently, in the southern research area, the 
temperature differences between OTCs and control plots become zero or near zero 
during the ‘night’ period (18.00-06.00). The temperature differences between OTCs 
and control plots are smallest for the 24h interval (+ 0.4 oC), intermediate for the 12h 
interval (+ 1.2 oC) and greatest for the 4 h interval (+ 1.6 oC). This implies that most of 
the air warming inside the OTCs and the temperature difference between OTCs and 
control plots is due to incoming solar radiation between 10.00 and 14.00, the ‘around 
noon’ interval. Warming of air inside OTCs as compared to control plots is more 
obvious during spring, summer and autumn months than during winter months, when 
intensity of solar radiation and solar angle of incidence is low (Figure 3-1). With shorter 
and variable monthly temperature monitoring periods the temperature difference 
between OTCs and controls remains significant for most 4 h and 12 h intervals. At the 
northern research area at Endalen, Svalbard, we calculated the average temperatures 
during the Arctic summer in June, July and August. Since there is neither sunrise nor 
sunset from the last week of April till the last week of October, calculations are based 
on the 24 h interval values. At both range margins, the OTCs significantly increased 
averaged temperatures (Table 3-1), but there are ‘lows’ in any of the time courses of 
air temperature measurements, which probably relate to periods of increased wind 
speed, cloudiness and rainfall or combinations of these weather conditions. Intended 
or unintended climate changes in OTCs relative to control plots will be discussed in 
Chapter 8.
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Chapter 4
Global change - flowering phenology and berry production 
of Empetrum nigrum in response to experimental warming at 
the southern and northern range margin.
Abstract
To analyse the possible influence of climate warming on the observed retreat of 
the Boreal - sub-Arctic dwarf shrub Empetrum nigrum at its southern range margin 
and the increased occurrences at its northern range margin, we subjected plants to 
experimental warming with OTCs. Specifically, we studied the generative responses 
of flowering phenology and the abundance, weight and diameter of berries. At the 
southern range margin, we expected advanced flowering and a decreased flowering 
season length and decreased fruit parameters weight and diameter. Indeed, flowering 
was advanced and the flowering season length decreased by on average 15 days, but the 
number of berries was unaffected while both berry weight and diameter significantly 
increased, responses opposite to our expectations.
At the northern range margin, berry abundance, weight and diameter were expected 
to increase. Berry abundance, weight and diameter all significantly increased, but we 
were unable to determine the advance of flowering due to late arrival at the research 
plot.
We concluded that the question whether warming, related to generative responses, is 
causing a contraction at the southern range border, is left unanswered. The reported 
generative responses of Empetrum nigrum however contribute to our understanding 
of the increased occurrences on Svalbard.
Introduction
The issue of phenology - the timing of recurring seasonal activities such as the 
flowering of plants or breeding of birds (Leith 1974, Walther et al. 2002) - has grown 
in importance in the light of recent climate change. Phenology of many plant and 
animal species has advanced and these shifts are related to climate change (Walther 
et al. 2002, Parmesan and Yohe 2003, Root et al. 2003). Menzel et al. (2006) used a 
phenological data set of more than 125 000 observational series of 542 plant and 19 
animal species in 21 European countries. They concluded that the average advance of 
spring and summer was 2.5 days decade-1 in Europe. Also it was demonstrated that 
species’ phenology was responsive to temperature of the preceding months resulting 
in an average advance of spring by 2.5 days oC-1. Phenological changes in spring have 
been most commonly reported, but changes in autumn, though hampered by less 
available data that are sometimes less pronounced and show a more heterogeneous 
pattern (Walther et al. 2002, Sparks and Menzel 2002), have been demonstrated by 
the analysis of observational data from the International Phenological Gardens for 
the 1959-1996 period, revealing a delay on average by 4.5 days (+ 0.15 day year-1; 
Menzel 2000). The advance of plant activities in spring time and a delay in autumn has 
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increased the growing season in some areas of Europe by up to 3.6 days decade-1 over 
the past 50 years (Walter et al. 2002).
In spring, the onset of flowering of many plants is an annual key event critical for sexual 
reproduction, because chances of pollination are affected and determine the timing 
of seed ripening and possibilities for seed dispersal (Fitter and Fitter 2002). This will 
particularly be true, as the seasons tend to become shorter, such as from tropic biomes 
towards temperate, Boreal and Arctic biomes. In the latter biomes, the growing season 
is cool, short and curtailed at both ends by sub-zero temperatures (Thórshalldóttir 
1998). At high latitudes it is expected that global warming will be more pronounced 
(IPCC 2007) and higher spring and (early) summer temperatures are likely to affect 
the flowering phenology of Boreal and Arctic species. The increasing temperature 
may also influence seed ripening and fruit maturation and may potentially affect plant 
distribution in response to climate warming (Grabherr et al. 1994, Thórshalldóttir 1998). 
Observations of rapidly circumarctic increase of shrub abundance as discussed by both 
Sturm et al. (2001) and Myers-Smith et al. (2011) can be regarded as a confirmation of 
this assumption. 
Also, global warming is considered to be a primary driver of similar changes in alpine 
vegetation where ongoing range contraction of subnival and nival species at the lower 
altitudinal limit and a concurrent expansion of alpine pioneer species at the upper limit 
are observed (Pauli et al. 2007). This increased (Arctic) shrub expansion may not solely 
be due to warming during the summer growing season, but also to warming during 
winter (Chapin et al. 1995, Sturm et al. 2005). 
Field observations on Empetrum nigrum, both at its southern and northern range 
margin, gave rise to the investigation of the effects of enhanced warming with OTCs 
on the species phenology. In this chapter we will focus on the flowering phenology 
of Empetrum nigrum, while in Chapter 5 our focus will be on the species’ vegetative 
phenology.
At the southern range margin, both northward retreat and reduced occurrences at 
lowland sites of Empetrum nigrum in Britain have been attributed to increasing winter 
temperatures (Bell and Tallis 1973). In the Netherlands, it was also observed that the 
first flowering date of male flowers of Empetrum nigrum advanced from April-May 
(Van der Meijden 2005) towards February-March-April, at least since the investigations 
were initiated in 2005.
At the northern range margin on Svalbard, Empetrum nigrum was until recently observed 
in a few localities only (Elvebakk and Spjelkavik 1995, Rønning 1996), but the number 
of observations has increased markedly (Alsos et al. 2007, Alsos 2011). Also changes 
at its northern margin may be related to global warming, as temperatures at both 
margins have been rising in recent decades (Table 3-1; DNMI 2011). Simultaneously, 
Empetrum nigrum invaded Scandinavian mountains (Kullman 2010, Wilson and Nilsson 
2009) which also has been related to climate warming. 
Global warming may affect the geographical distribution of Empetrum nigrum through 
its impacts on the growing season length (referred to as GSL) and the number of growing 
degree days (a measure of the growing season intensity) which in turn is expected to 
result in phenological advances of leafing, flowering and fruiting (Parmesan and Yohe 
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2003, Root et al. 2003, Parmesan 2006, Førland et al. 2004, Linderholm 2006). The 
phenologically based GSLp increased by 10.8 days since 1993 (EPG 2011) and by on 
average 1.1-4.9 days decade-1 since 1951 (Menzel et al. 2006). At its southern margin, 
meteorological GSL has increased by 29 days since 1901 (KNMI 2011) and by 21 days 
since 1990 (Table 3-2). This lengthening is particularly attributed to higher temperatures 
in early spring and late autumn (Visser 2002). At the northern margin, the onset of the 
growing season associated ecologically with the flowering of Salix polaris (unlike the 
end, associated with the yellowing of leaves of Salix polaris) showed large year-to-year 
variation. Despite this variation, during the period 2000-2009 the area with a growing 
season exceeding 60 days, clearly extended (Karlsen 2010).     
Here, we present evidence based on experimental warming, on the extent to which 
warming influences flowering phenology of Empetrum nigrum, both at its southern and 
northern range margin. We hypothesized experimental warming to affect flowering 
phenology of Empetrum nigrum at its respective natural margins. At the southern 
range margin, we expect a reduction in the plant reproduction parameters berry weight 
and diameter. Also we expect advanced flowering phenology as Empetrum nigrum is 
a ‘cool’ Boreal-Arctic species and, since vegetative growth of Empetrum nigrum starts 
only after flowering, an earlier onset of the vegetative growth is expected. Since it not 
known whether warming with OTCs will affect the termination of the growing season, 
the growing season length may be altered at the southern margin. At the northern 
margin, we expect berry weight and diameter to increase and flowering phenology 
to advance and an earlier onset and a delayed end of the vegetative growing season, 
depending on the time of melting of snow. Part of the results described in this chapter 
have been published by Buizer et al. (2012). The hypothesized response of the growing 
season length will be dealt with in Chapter 5.
Materials and methods
Growing Degree Days
Growing Degree Day value (hereafter GDD) is a measure for the growing season 
intensity and is defined as the annually accumulated degree sum above a chosen 
threshold temperature (Førland et al. 2004) and is calculated as 
G	  D	  Dx	  =   
 
Ti − X( )i=1
365
∑ ,Ti ≥ X
where Ti is the daily mean temperature (
oC) for day i and x the selected threshold 
temperature. We used the evidence based threshold temperature of 1oC, as in Svalbard 
flowering of Empetrum nigrum starts immediately after snowmelt. We retrieved data 
from the Dutch (KNMI 2011, ECAD 2011) and Norwegian meteorological databases 
(DNMI 2011).
Growing Season Length 
GSL is meteorologically expressed as the number of days with average temperatures 
above a threshold temperature of 5oC (GSL
5
). We calculated GSL
5
 for ‘south’ (ECAD 
2011) and GSL1 (with a threshold temperature of 1
o C) and GSL
5
 for ‘north’ (DNMI 2011). 
In addition a phenological plant based Growing Season Length (GSLp) was assessed by 
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determining the onset of vegetative growth, indicated by a bright green colour of the 
apex of shoots, and the senescence (brown colouring) of the leaves indicated the end 
of vegetative growth.    
Weight and diameter
Weight of berries was determined by weighing each berry on an analytical balance 
(accuracy 1 mg); diameter of berries was determined with a pair of digital callipers 
(accuracy 0.1 mm).
Quantitative assessment of phenological stages inside OTCs and control plots
South, at Bergen aan Zee, the phenological development of male and female flowers 
of Empetrum nigrum was annually assessed during five seasons (2006-2010) and 
was started from February 1. North, at Endalen, assessments were conducted 
during June, July and August during three seasons (2008-2010). All assessments, 
with an interval of 3-4 days, started about 11.30 a.m. and were terminated after full 
senescence of anthers and philaments of male flowers and black colouring of berries. 
For the uniform assessment of the phenological development, phases 1-6 for male 
and female flowers were used as summarized in Table 4-1. It was considered that the 
quantitative assessment of the phenological stages was critical for the final results of 
these investigations. To increase its reliability, the assessments of the ten OTCs and 
ten control plots, was conducted by two or three persons. After dividing each OTC 
and control plot in angular sections of 120o, the assessors simultaneously recorded 
the percentage of each phenological stage of the Empetrum nigrum flowers inside the 
three sections of all OTCs and control plots. Comparison of the results demonstrated an 
error percentage lying between 5 and 10 %. The three sectional assessed percentages 
of a phenological stage led to an average value for each OTC or control plot. 
Table 4-1. Phenological stages P1 - P6 of male and B1 - B6 female flowers of Empetrum nigrum sensu lato as used 
to determine the sexual development under enhanced and ambient temperatures at the northern and southern 
range limits. The stages are in conformity with ITEX standards (Molau and Mølgaard 1996).
Phenological stages of male flowers Phenological stages of female flowers
P1: Flower bud closed. B1: Inside the flower surrounded by petals, little purple 
berry visible.
P2: Bud splits open and purple star visible. B2: Berry 2 mm and turns purple
P3: Bud opens anthers visible and starts to separate, 
philament not visible.
B3: Berry 3mm and starts to turn green
P4: Anthers and philament visible. Difference between male 
and female flowers noticeable. Flowers pink/light purple
B4: Berry 4 mm and green
P5: Last developmental stage, anthers turn purple and are 
fully matured. Both male and female flowers dark purple
B5: Berry colouring blue-black, diameter 4-6 mm
P6. Male flowers demise, anthers shrink and dry out B6: Berry black, diameter 5-10 mm
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Sampling of berries
South, at Bergen aan Zee, berry subsamples (n=30) were collected randomly from 
each OTC and control plot, using a 10 x 10 cm grid, placed over the central area of 
each plot. To prevent berry foraging by birds, plots were covered by wide-meshed (10 
mm diameter) gauze. North, at Endalen, subsamples (n=15-20) also were collected 
randomly. The berries, which constituted the sub-samples, were considered to be 
pseudoreplications. One average value per Open Top Chamber and per control plot 
was used for the analysis of the warming treatment, thus both n=10 replications. 
Results
Phenological responses at the southern range margin
South, as can be seen from the data presented in Table 4-2, OTCs caused a decrease of 
the flowering season length of Empetrum nigrum by 15 days (ANOVA p<0.001), thus of 
137 days with ambient temperatures to 122 days with enhanced temperatures. Table 
4-2 also demonstrates that the flowering phenology of male flowers was affected, 
namely that the initial bud burst (P1) was advanced by 5-8 days (p=0.004) and the 
full development of anthers (P5) was advanced by 14-20 days (p=0.005). Also the 
phenology of female flowers was affected, namely phenological stage B2 with berries, 
Ø 2mm and turning purple, was advanced by 7 days while phenological stage B5, 
with berries, Ø 4-6mm and turning black was advanced by 20 days (p=0.004). Finally, 
phenological stage B6 with fully developed black berries and a diameter to increase up 
to 10 mm also was advanced by 20 days (p=0.004). 
These berries (Figure 4-1) achieved a significantly higher weight (p<0.001; + 39%) and 
a larger diameter (p<0.001; + 22%). On the branches that were randomly selected for 
berry sampling, no difference in abundance of berries between control plots and OTCs 
could be demonstrated.
Phenological responses at the northern range margin
North, at Endalen, Svalbard, warming with OTCs did not cause any significant change in 
the flowering season length. Also, neither differences in the male phenological stages 
P1-6, nor in the female phenological stages B1-6 between plants in control plots and 
OTCs could be demonstrated (Table 4-2). However, we observed more berries in OTCs 
than in control plots (Figure 4-1; repeated measures ANOVA p=0.03). As a subsequent 
analysis, given the significance of the repeated measures ANOVA, we determined with 
one-way ANOVAs whether the effect on number of berries consistently occurred in 
each year: 2009 p=0.05 + 48%, 2010 p=0.03 + 40% and 2011 + 71% (sample size did not 
allow to calculate p-value. By the end of August (2009-2011), these berries inside OTCs 
were all in stage B6 and all were ripened and coloured black. However, in 2011 only in 
1 out of 10 control plots were berries developed. 
The berries inside the OTCs (Table 4-2) had achieved significantly higher weights 
(p<0.001) and larger diameter (p<0.001) than berries from the control plots. 
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Figure 4-1. The average number of berries per ten shoots of Empetrum nigrum in control plots (n=10) and OTCs (n=10) 
as a response to enhanced warming in Endalen, Svalbard for the growing seasons 2009 (p=0.05, + 48%), 2010 (p=0.03, 
+ 40%) and 2011 (+ 71%; sample size did not allow to calculate p-value). Bars represent standard error of the mean.
Discussion
Responses at the southern range margin
The current study demonstrated that enhanced temperatures with OTCs significantly 
advanced the flowering phenology of Empetrum nigrum at the southern range margin 
(Table 4-2). The phenological stages P1-P6 of the male flowers advanced by 5-20 days 
and the phenological stages B1-B6 of the female flowers advanced by 7-20 days, all 
relative to control plots. The flowering period was earlier terminated (Table 4-2). Thus, 
the total length of the flowering phenology period of Empetrum nigrum significantly 
decreased by 15 days and consequently facilitated the earlier onset by about 22 days 
of vegetative growth, since the latter starts only after the termination of flowering. The 
consequences of this advance will be dealt with in Chapter 5.
Advanced flower bud break of British spring-flowering plant species was also reported 
by Fitter and Fitter (2002). They showed that the first flowering date has advanced 
by 4.5 days during the past decade compared with the previous four decades: 16% 
of species flowered significantly earlier in the 1990s than previously, with an average 
advancement of 15 days per decade, thus showing that spring-flowering species are 
most responsive to climate change. 
The investigations of Shevtsova et al. (1997) of the growth responses of Empetrum 
nigrum to environmental temperature manipulations in the Finnish sub-Arctic revealed 
that elevated temperature also accelerated the vegetative bud break and shifted the 
peak shoot growth to an earlier time. Since flowering precedes vegetative growth, it 
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may be assumed that flowering phenology as a response to enhanced warming, has 
advanced in the Finnish sub-Arctic too. In contrast, Prieto et al. (2009) report that 
increased temperatures, including warming during the night, were accompanied by 
delays in ‘bud break’ dates of Empetrum nigrum in Wales (UK) in 2004. 
Thus, the observed advanced onset and termination of flowering (Table 4-2) is in 
conformity with the hypothesis, reflecting the cool Boreal-Arctic distribution range 
of Empetrum nigrum and also is consistent with other plant responses to climate 
warming in the Northern Hemisphere. Also, our observation of the advanced flowering 
phenology of Empetrum nigrum from April - May towards February - March under 
increased ambient temperatures in the Netherlands during the last few decades (Table 
3-1) fits well with the referred literature (e.g. Parmesan and Yohe 2003).
Unexpectedly, enhanced warming resulted in the advanced fruit setting and fruit 
ripening and also in increased weight and diameter of the berries (Table 4-2) at the 
southern range margin of Empetrum nigrum. Menzel et al. (2006) reported earlier fruit 
ripening because of warming and Wookey et al. (1993) reported the stimulation of fruit 
production by the application of water and / or nutrients. However, they also suggest 
that any climate warming may stimulate seed setting in Empetrum (hermaphroditum), 
thus the results of the present study partly may correspond with their findings. In 
contrast, a five-year experiment studying warming effects on growth and production 
in mid-latitude alpine ecosystems in Japan demonstrated that the number of flowers, 
produced by Empetrum nigrum showed no significant (p>0.4) differences between the 
OTCs and control plots (Kudo and Suzuki 2003). 
In conclusion, the direct flowering phenological responses of Empetrum nigrum to 
enhanced temperatures emerging from the present investigations, do not support the 
hypothesized reduced sexual reproduction and do not explain the northward retreat at 
the southern range margin as observed in England, the Netherlands and Germany. The 
increased berry weight and diameter at the southern range margin also do not confirm 
the hypothesis on reduced sexual reproduction. We expected a negative response of 
sexual reproduction upon warming with OTCs but experienced the opposite. Thus, 
the ecological responses obtained from the present research do not improve our 
understanding of northward retreating Empetrum nigrum. 
Responses at the northern range margin
In contrast to the expectations, neither the growing season length (GSL
plant
) of 
Empetrum nigrum nor the timing of any of the flowering phenology stages (Table 4-2) 
altered related to experimental warming. Yet, inside the OTCs more flowering and 
berry development were observed than in the control plots. This arises the question 
of the role of enhanced temperatures on flowering and berry development in OTCs. 
How does Empetrum nigrum benefit from enhanced environmental temperatures? 
The temperature significantly increased with 1.7oC during the Arctic summer (June, 
July, August; Table 3-1) inside OTCs at the northern range margin of Empetrum nigrum 
at Endalen, Svalbard. Also the meteorological growing season length, with thresholds 
1oC (GSL1) and 5
oC (GSL
5
) and the growing degree-day value with thresholds 1oC 
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(GDD1) and 5
oC (GDD
5
) significantly increased (Table 3-2). Given the shortening of the 
flowering season with increasing latitude, Empetrum nigrum is an early-in-season 
flowering species (Table 4-2). Almost all early flowering species of cold biomes perform 
flower preformation (Körner 1999), whereby the development of both gynoecium 
and androecium of Empetrum nigrum begins in July of the year previous to flowering, 
and flower buds are fully developed by September (Bell and Tallis 1973), ready to 
hibernate. From the present investigations it appeared that at the southern range 
border, Empetrum nigrum is the earliest flowering shrub species, with first flowering 
days from February onwards. At the northern range margin, from June onwards, the 
first flowering of Empetrum nigrum was observed on branches released from snow, 
while other parts of the plant were still covered by snow by the end May. The various 
flowering times of Empetrum nigrum in Europe are summarized in Table 4-3.
Table 4-3. Varying flowering time of Empetrum at various localities in Europe. 
Country Flowering time Reference
Switzerland May - June Binz Becherer 1976
Germany April - May Oberdorfer 1983
The Netherlands April - May Van der Meijden 2005
UK March - May Bell and Tallis 1973
Ireland May Webb 1967
Norway, Sweden, Finland
May
April - June
Lid 1985
Mossberg 2003
Svalbard, Norway June Current investigation
Iceland April - May Kristinsson 1987
The average first flowering day of Empetrum nigrum at the southern range border 
demonstrated a substantial advance from April - May towards February – March.  The 
date at which 25% - 50% of the plants flowered first (P1-P2) varied. These results suggest 
that the species’ flowering phenology is not primarily controlled by temperature and 
may be explained by the fact that in early flowering species like Empetrum nigrum, 
after the release of dormancy in spring, temperature probably modulates phenological 
events in an opportunistic way, thus resulting in flowering at any time with suitable 
temperatures (Körner 1999, Körner and Basler 2010). Therefore, small temperature 
differences, not captured by GSL, may influence biological processes and may cause 
differences in phenology and extension of the growing season (Körner and Basler 2010, 
Suzuki and Kudo 1997). 
Also, meteorologically obtained GDD-increases (using a 5oC threshold) with global 
warming have been related to advanced timing and increased length of the growing 
season (Førland et al. 2004, Linderholm 2006). However, a GDD, with a 1oC threshold 
may even be more relevant for tundra plant species than a meteorologically defined 
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GDD, since many early spring flowering Alpine and Arctic species have a low 
temperature threshold (Körner 1999). Indeed, at the northern margin, the ambient 
mean annual GDD1 significantly increased (p<0.001) since 1981 (Table 3-2). Moreover, 
the GDD1 analyses of the temperature measurements inside OTCs and control plots, 
representing the direct thermal environment of the plants and therefore better to rely 
on, demonstrated significant differences south (one-way ANOVA; p<0.001) and north 
(p<0.001). Therefore, the significant increase of direct ecological responses (Table 4-2) 
of Empetrum nigrum to the OTC-treatment may be attributed to the increased GDD-
value, representing accumulated heat, despite the fact that the growing season length 
had not altered. 
Our experiments showed that berry abundance, weight and diameter all increased 
under these circumstances with OTC-warming. These observations are in line with the 
results of the meta-analysis of responses of tundra plants to experimental warming on 
the Northern Hemisphere. Arft et al. (1999) found in the High Arctic that plants heavily 
invested in producing seed under a higher temperature scenario. 
In conclusion, our results indicate that Arctic Empetrum nigrum also invests in producing 
seeds under warming conditions and thus may provide an opportunity for this species 
to increase occurrences at its northern range limit on Svalbard. 
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Chapter 5 
Climate change – global warming: vegetative growth 
responses of Empetrum nigrum and co-occurring dwarf 
shrub species Erica tetralix, Calluna vulgaris (south) and 
Cassiope tetragona (north).
Summary 
We expect that global change underlies the observed range shifts of Empetrum nigrum, 
demonstrating southern (the Netherlands) range contraction and northern (Svalbard, 
Norway) range extension. However, ecological mechanisms underpinning these shifts 
are currently not well understood, which is why we compared ecological responses to 
simulated warming with OTCs both at the southern and northern range margin. We 
hypothesized negative responses at the southern range margin and positive responses 
at the northern range margin. In the ‘south’, Empetrum responded to simulated 
warming with enhanced shoot growth and growth rate, biomass increment, advanced 
phenology, while its growing season was extended (+ 75 days). Under similar conditions 
co-occurring Calluna vulgaris also showed an extended growing season length (+ 
98 days) and increased shoot growth rate, biomass growth, plant cover and height. 
However, we found no evidence for increased competitiveness relative to Empetrum. 
In the north, Empetrum responded with increased shoot and biomass growth to 
warming. These responses exceeded those of co-occurring Cassiope tetragona except 
for the biomass response. This may reflect increased competitiveness of Empetrum 
relative to Cassiope. The direct and indirect ecological responses found do not readily 
explain the observed northward retreat of Empetrum at the southern range margin. 
The direct ecological responses found at its northern range margin are, on the other 
hand, in line with the increased occurrences of this species on Svalbard.
Introduction
In this chapter, we address the question whether, and how increased temperatures 
inside OTCs affect the direct vegetative growth responses of Empetrum nigrum, at the 
southern range margin (Bergen aan Zee, the Netherlands) and at the northern range 
margin (Svalbard, Norway). 
Similarly, this question also arises in relation to the co-occurring, and potentially 
competing, dwarf shrub species Erica tetralix (commonly named Cross-leaved Heath) 
and Calluna vulgaris (commonly named Heather) both at the southern range margin of 
Empetrum nigrum and to Cassiope tetragona (commonly named Arctic Bell Heather) at 
the northern range margin of Empetrum nigrum. 
The phenology of generative growth (discussed in Chapter 4) and vegetative growth 
may also be affected. The onset of vegetative growth may be affected since the 
difference in air temperature between OTCs and control plots depends on the influx of 
solar radiation. Simulated warming is expected to be stronger in spring and summer 
as compared to cooler autumn and winter conditions and with different background 
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temperature. Thus, with possible differences in vegetative growth phenology, the 
three species occurring south may also experience a different degree (quantity) of 
warming during their vegetative growth, as may the two northern species. The length 
of the growing season of the plant (GSL
plant
) is likely to be increased by the simulated 
warming and depends on the start and duration of the growing season for the species 
respectively south and north. It is hypothesized that with OTC-warming the length 
of the growing season is extended for Calluna vulgaris and Erica tetralix, but not for 
Empetrum nigrum with its supposed preference for the cooler Boreal and (sub)-Arctic 
biome.
The influences of enhanced temperature, already investigated, refer to changes in 
species’ phenology, sexual reproduction, range and distribution, species composition, 
soil nutrient availability, increasing productivity and interaction between species (Aerts 
et al. 2006, Hedhly et al. 2009, Menzel et al. 2006, Prieto et al. 2009, Tylianakis et al. 
2008, Wessel et al. 2004). These studies were conducted across European shrublands 
(for example northern Sweden, Wales, the Netherlands, Spain) but not at the range 
margins where species are expected to be more susceptible to environmental changes. 
Hence, the present study focuses on the vegetative growth responses and vegetative 
phenology of Empetrum nigrum to enhanced temperatures, both at the southern 
and the northern range margin. The vegetative growth responses of the co-occurring 
species Calluna vulgaris and Erica tetralix at the southern range margin and of co-
occurring Cassiope tetragona (Rozema et al. 2009) at the northern range margin (Table 
5-2) were studied as well. 
General geographic distribution and ecological characteristics of Empetrum nigrum
The Boreal and (sub)-Arctic geographic distribution of Empetrum nigrum (Chapter 1) 
extends south as far as 52oN and co-occurs at the southern range margin with Calluna 
vulgaris and Erica tetralix. Across the lime-poor coastal dunes north of Bergen aan 
Zee (Chapter 2), the distribution of Empetrum nigrum is limited to nutrient poor soils 
with dry to slightly humid and temperate Atlantic climate conditions (Anderberg 2010, 
Bannister 1966, Bell and Tallis 1973, Crawford 2008, Dierssen 1996, Ellenberg 1986, 
Gimingham 1960, Oberdorfer 1983, Petersen 2000, Schaminée 1996, Weeda 1988, 
2002). On the dry and nutrient poor soils, the root system of Empetrum nigrum is 
mycorrhizal (Read 1991, Straker 1996). In dry habitats as found in parts of the coastal 
dunes in Denmark, Germany and the Netherlands, Empetrum nigrum appears to be 
limited to north-facing slopes, benefitting from the more cool and humid microclimate 
(Crawford 2008, Diersen 1996, Weeda 1988). 
Empetrum nigrum prefers a cool climate, hence it is expected that vegetative growth 
parameters will respond negatively to warming with OTCs. With respect to the growing 
season length (GSL
plant
), advanced onset and advanced termination are expected 
(Chapter 1). 
General distribution and ecological characteristics of Calluna vulgaris
The geographic distribution of Calluna vulgaris ranges from the oceanic and sub-oceanic 
climatic regime to the continental parts of the European mainland as far as southern 
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Spain (Anderberg 2010, Beijerinck 1940, BSBI 2010, Gimingham 1960). Calluna vulgaris 
thus reflects the widest ecological amplitude in temperature, precipitation, length of 
growing season and soil water conditions (Bannister 1966, Gimingham 1960) compared 
to Empetrum nigrum and Erica tetralix. In the Netherlands, Calluna vulgaris is in its 
European geographic distribution range (Figure 5-1). This dwarf shrub is a widely 
distributed species in the cultural landscape of the eastern and south eastern parts of 
the Netherlands as well as in natural habitats along the coast (Van der Meijden et al. 
1989). 
Figure 5-1. Left, the geographic distribution of Calluna vulgaris in the Northern Hemisphere. Grey shaded areas 
represent the main area of distribution. Black dots represent occasional observations (modified after Anderberg 2010: 
http://linnaeus.nrm.se/flora). Right, the distribution of Calluna vulgaris in the Netherlands: black dots represent the 
distribution in 1 x 1 km squares since 1975; orange squares represent the distribution in 5 x 5 km squares before 1950; 
dark green squares represent the distribution in 5 x 5 km squares between 1950-1980; light green squares represent 
the distribution in 5 x 5 km squares before 1950 as well as between 1950-1980 (modified after Floron 2011b).
Calluna vulgaris has been demonstrated to be responsive to enhanced warming. Two 
years with enhanced warming caused shoots of Calluna vulgaris to increase their 
growth from early spring onwards (Gordon et al. 1999). However, during the first two 
years of a seven years investigation in the UK, the shoot length of Calluna vulgaris 
was not significantly affected by enhanced night time warming (Peñuelas et al. 2004), 
whereas after seven years the species tended to respond positively (Peñuelas et al. 
2007).  
Because of the species’ wide ecological amplitude, it is expected that vegetative growth 
parameters will respond positively to warming with OTCs. The onset of the growing 
season is expected to advance but the termination of the growing season is expected 
to delay, thus the total growing season length  (GSL
plant
) is expected to increase.
  
Figure  5-­‐1.	  Left,	  the	  geographic	  distribution	  of	  Calluna  vulgaris  in	  the	  Northern	  Hemisphere.	  Grey	  shaded	  areas	  represent	  the	  main	  area	  
of	   distribution.	   Black	   dots	   represent	   occasional	   observations	   (modified	   after	   Anderberg	   2010:	   http://linnaeus.nrm.se/flora).	  Right,	   the	  
distribution	  of	  Calluna  vulgaris	  in	  the	  Netherlands:	  black	  dots	  represent	  the	  distribution	  in	  1	  x	  1	  km	  squares	  since	  1975;	  orange	  squares	  
represent	  the	  distribution	  in	  5	  x	  5	  km	  squares	  before	  1950;	  dark	  green	  squares	  represent	  the	  distribution	  in	  5	  x	  5	  km	  squares	  between	  
1950-­‐1980;	  light	  green	  squares	  represent	  the	  distribution	  in	  5	  x	  5	  km	  squares	  before	  1950	  as	  well	  as	  between	  1950-­‐1980	  (modified	  after	  
Floron	  2011b).	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General geographic distribution and ecological characteristics of Erica tetralix
Erica tetralix is a widespread species in oceanic Western Europe (Figure 5-2) and 
characteristic of wet heath communities. The substratum is typically waterlogged, 
poorly aerated and with a concomitant high organic content, while the change from a 
fluctuating to a high water table comes with a decreased abundance of co-occurring 
Calluna vulgaris and simultaneously increase of Erica tetralix (Bannister 1966). 
Figure 5-2. Left, the geographic distribution of Erica tetralix in the Northern Hemisphere. Grey shaded areas represent 
the main area of distribution. Black dots represent occasional observations (modified after Anderberg 2010: http://
linnaeus.nrm.se/flora). 
Right, the distribution of Erica tetralix in the Netherlands: black dots represent the distribution in 1 x 1 km squares since 
1975; orange squares represent the distribution in 5 x 5 km squares before 1950; dark green squares represent the 
distribution in 5 x 5 km squares between 1950-1980; light green squares represent the distribution in 5 x 5 km squares 
before 1950 as well as between 1950-1980 (modified after Floron 2001b).
In contrast, Erica tetralix may show a robust development on drier sites but only in 
the absence of Calluna vulgaris, but becomes weak and attenuated when growing in 
competition with Calluna vulgaris (Bannister 1966). The limited tolerance to water 
deficits reduces the range extension into the more continental parts (Anderberg 2010).
The eastern and northern distribution of Erica tetralix is limited by the disability to 
withstand severe winters. The southern and (south) eastern distribution limits are 
considered to be detemined by summer droughts. The northern and western limits are 
thought to be determined by the effect of reduced summer temperatures on flowering 
and seed maturation (Bannister 1966). 
In the Netherlands, the distribution of Erica tetralix is in the centre of its natural 
geographic range (Figure 5-2), however its decrease in abundance may partially be 
caused by increased drought conditions (Van der Meijden, 1989). 
Erica tetralix demonstrates wide ecological amplitude with respect to humidity, 
hence it is expected that vegetative growth characteristics will increase, thus it will 
respond positively to increased precipitation (see Chapter 6) and a positive response 
  
Figure  5-­‐2.	  Left,	  the	  geographic	  distribution	  of	  Erica  tetralix	  in	  the	  Northern	  Hemisphere.	  Grey	  shaded	  areas	  represent	  the	  main	  area	  of	  
distribution.	  Black	  dots	  represent	  occasional	  observations	  (modified	  after	  Anderberg	  2010:	  http://linnaeus.nrm.se/flora).	  	  
Right,	  the	  distribution	  of	  Erica  tetralix	   in	  the	  Netherlands:	  black	  dots	  represent	  the	  distribution	  in	  1	  x	  1	  km	  squares	  since	  1975;	  orange	  
squares	  represent	  the	  distribution	   in	  5	  x	  5	  km	  squares	  before	  1950;	  dark	  green	  squares	  represent	  the	  distribution	   in	  5	  x	  5	  km	  squares	  
between	   1950-­‐1980;	   light	   green	   squares	   represent	   the	   distribution	   in	   5	   x	   5	   km	   squares	   before	   1950	   as	   well	   as	   between	   1950-­‐1980	  
(modified	  after	  Floron	  2001b).	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to increased warming is also expected. The onset of the growing season is expected to 
advance and the termination is expected to delay, thus the total growing season length 
(GSL
plant
) is expected to extend.
General geographic distribution and ecological characteristics of Cassiope tetragona
At the northern range margin on Svalbard, Empetrum nigrum co-occurs with Cassiope 
tetragona, an evergreen dwarf shrub with a strongly branched habitus, growing 
initially upright, but this changes later on into a prostrate growth habit (Weijers 2012). 
Cassiope tetragona is widely distributed in the High Arctic (Figure 5-3) and on Svalbard 
it is a common species in dry localities (Rønning 1996). Cassiope tetragona has been 
subjected to several environmental manipulations and responded with increased 
growth to artificial warming with OTCs but did not respond to enhanced precipitation 
(Weijers 2012, Weijers et al. 2013).
Figure 5-3. The geographic distribution 
of Cassiope tetragona in the Northern 
Hemisphere (modified after Anderberg 
2010: http://linnaeus.nrm.se/flora).
In summary, at both the southern and northern range margins of Empetrum nigrum, 
the question arises whether increased temperature will affect the species’ vegetative 
growth and vegetative phenology with consequences for the growing season length 
(GSL
plant
). Also the question arises whether the neighbouring dwarf shrubs Calluna 
vulgaris, Erica tetralix (south) and Cassiope tetragona (north) will demonstrate 
differential growth responses, possibly leading to a shift in the competitive relationship 
between the species. To elucidate these problems, the present study focuses on the 
following questions:
•	 Will the vegetative growth parameters be altered by enhanced temperature and if 
so, to what extent? 
•	 Will the vegetative phenology be altered by enhanced temperature and if so to 
what extent? What are potential consequences for plants’ growing season length?
•	 Do the results help to interpret the observed range shifts of Empetrum nigrum 
north and south, both in terms of direct and indirect responses?
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Materials and methods
In addition to the previously described approach (Chapter 2) to determine annual 
growth in Empetrum nigrum, Calluna vulgaris and Erica tetralix, here the general 
methods to measure growth in the field and in the laboratory used in plant and plot 
analyses are described in more detail. All parameters were determined simultaneously 
in OTCs and control plots.
Shoot length was determined with an accuracy of 0.5 mm with a pair of digital callipers 
(laboratory analyses) while field measurements of shoot length were determined with 
a ruler. The time (days) needed for shoot length extension was analysed by calculating 
when 50% of the final shoot length increment (t
50
) was attained. The relative growth 
rate of shoot length was calculated as the time (days) needed to grow from t
25
, (the 
time at which 25% of the shoots’ final length was reached) to t
75
, (the time at which 75% 
of the shoots’ final length was reached). A high relative growth rate is thus expressed 
as a short period of days. The absolute rate of extension was calculated by 1/2 L
max 
/
(t
75
-t
25
) (Bannister 1978). In order to determine biomass, the annual shoot increments 
were weighted using an analytical balance (accuracy 0.1 mg) and total-plot biomass 
of all plants harvested at ground level, was weighted with a balance (accuracy 1 g). 
Since older shoots of Empetrum nigrum (from 2007 and earlier) had shed (parts of) 
their leaves and bark, it was assumed that the shedding of leaves and bark happened 
at the same rate in both OTCs and control plots, thus making a direct comparison 
between OTCs and controls of the same year possible. Leaf life span was determined 
for each years section by dividing the green leaves by the number of brown leaves still 
present; in case of brown leaves shedded off, the leaf scars were counted. The sum of 
all years defines the LLS (cf Weijers 2012, Weijers et al. 2010). Shrub canopy height was 
measured in at least 7 points inside the plots. Total plant area cover per plot south, was 
determined for Empetrum nigrum and co-occurring Calluna vulgaris and Erica tetralix. 
In the field, plant cover was drawn onto a square mm grid with a hexagonal template 
representing the plot (Figure 5-4; scale 1:10). When vegetation was mixed in a certain 
patch, a ratio was estimated and earmarked (for example 70% Calluna vulgaris : 
30% Empetrum nigrum). Before drawing, the centre of the plot was marked and the 
sides, which measure exactly 120 cm, were kept as guides. The drawing accuracy was 
validated by accurate measuring the first few plots and comparing these results with 
the drawing (Rozema, Buizer, Van Breda and Van Rijckevorsel, personal observations).
Figure 5-4.  Sketching sheet for sampling 
ground cover area at the southern range 
margin. Species distribution is drawn in 
field, and selected, coloured and analysed 
with Adobe Photoshop CS4. Grid-size = 10 
mm2, scale: 1:10.
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The sheets were scanned at a resolution of 2400 x 2400 dpi for computer analysis of 
plant area. Using Adobe Photoshop CS4, the hand drawn areas were each selected and 
colour-coded to mark the different species. 
Ground cover areas (species per plot, in m2) were calculated using the inbuilt analysis 
function, which is based on pixel counts.
Results
Growing season length of plants (GSLplant) and vegetative responses at the southern 
range margin. 
OTCs advanced and extended the GSLplant, thus advanced the onset and delayed the 
termination of the vegetative growth of Empetrum nigrum, Erica tetralix and Calluna 
vulgaris, such in contrast to the results from control plots (Figure 5-5). Inside OTCs, the 
vegetative growth of Empetrum nigrum began on average in week 12 and terminated 
on average in week 35, hence a GSL
plant
 of 23 weeks. Vegetative growth inside control 
plots began on average in week 15 and terminated on average in week 28, hence a 
GSL
plant
 of 13 weeks. Thus, opposite to the expectations predicting a decrease, the 
GSL
plant
 increased on average by 70 days (+ 75 %) inside OTCs. 
Inside OTCs, the vegetative growth of Calluna vulgaris began on average in week 15 
and terminated on average in week 39, hence a GSL
plant
 of 24 weeks. Vegetative growth 
inside control plots began on average in week 17 and terminated on average in week 
28, hence a GSL
plant
 of 11 weeks. Thus inside OTCs, the GSL
plant
 increased on average by 
98 days (+ 126%) and this increase was according to the expectations. Inside OTCs, the 
vegetative growth of Erica tetralix began on average in week 16 and terminated on 
average in week 28, hence a GSL
plant
 of 12 weeks. Vegetative growth inside control plots 
began on average in week 17 and terminated on average in week 23, hence a GSL
plant
 
of 6 weeks. Thus inside OTCs, the GSL
plant
 increased on average by 42 days (+ 100%), 
according to the expectations.
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Figure 5-5. The growing season length (GSL
plant
) of Empetrum nigrum (p<0.001), Calluna vulgaris (p<0.001) and Erica 
tetralix (p<0.001) significantly increased due to the advanced onset and delayed termination of vegetative growth 
as response to enhanced temperatures in OTCs compared to control plots. The numbers inside the horizontal bars 
indicate the average length (weeks) of the vegetative growing season (2005-2009). Experiments were conducted at the 
southern range margin of Empetrum nigrum, near Bergen aan Zee, the Netherlands.
Shoot length growth rate
Increased temperatures inside OTCs did not only come with increased shoot length, 
but also affected the growth rate of the shoots length of Empetrum nigrum, Calluna 
vulgaris and Erica tetralix (Table 5-1) The relative growth rate of shoots (t
75
 – t
25
) for 
Empetrum nigrum was 20 days (higher growth rate) and 32 days (lower growth rate) in 
control plots, differing significantly (p<0.001); t
75
 – t
25
 for Calluna vulgaris was 19 days 
and 32 days in control plots, again significantly (p<0.001) enhanced growth rate with 
OTC warming; t
75
 – t
25
 for Erica tetralix was 17 days and 25 days in control plots, again 
significantly (p<0.001) faster growth with OTC warming.
Values calculated by t
75
 – t
25
 were used to determine the absolute growth rate (Table 
5-1) inside OTCs. During 2007-2009 the mean absolute growth rate of shoot length for 
Empetrum nigrum was 1.25 mm day-1 (+ 212%) and 0.4 mm day-1 for control plots, for 
Calluna vulgaris 1.96 mm day-1 (+ 117%) and 0.9 mm day-1 for control plots and for Erica 
tetralix the mean absolute growth rate of shoot length was 1.4 mm day-1 (+ 40%) and 
for control plots 1.0 mm day-1.  Also the growth rate of shoot extension was analysed 
by calculating the average date at which 50% of the final shoot increment was attained. 
Inside OTCs, Empetrum nigrum this date was advanced by 16 days, for Calluna vulgaris 
by 15 days and for Erica tetralix by 12 days.
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Table 5-1. Growth responses of Empetrum nigrum, Calluna vulgaris and Erica tetralix at the southern range 
margin at Bergen aan Zee, the Netherlands, to enhanced warming with OTCs compared to control plots: 1.rela-
tive growth rate (t
75
 – t
25
 ) expressed as days, 2. absolute growth rate (mm d-1) and 3. time needed to reach 50% 
of the final shoot length. ∆ means the difference (days) between OTCs and control plots, all significant (ANOVA; 
p<0.001). 
1.
t
75
 – t
25
 
(days)
∆ 
(days)
2. 
Growth 
(mm day-1)
Increase 
(%)
3.
50% final shoot increment (date 
– advance day-1)
Empe-
trum 
nigrum
control 32
12
0.4 18-5
16
OTC 20 1.25 + 212 2-5
Calluna 
vulgaris
control 25
8
0.9 30-5
15
OTC 17 1.96 + 117 15-5
Erica 
tetralix
control 32
13
1.0 23-5
12
OTC 19 1.4 + 40 11-5
Shoot length growth 
To assess the differences between the shoot length grown in OTCs and in control plots, 
we applied repeated measures ANOVA to test whether the results were significant 
across all years. The subsequent (one-way) ANOVAs were applied to test whether the 
results were significant for each individual year. In the first season of temperature 
manipulation with OTCs (start March 2005), enhanced temperatures inside OTCs did not 
significantly affect the shoot growth compared to control plots, neither of Empetrum 
nigrum (p=0.702) nor of Erica tetralix (p=0.568) or Calluna vulgaris (p=0.759). However, 
from 2006 through 2010 inside OTCs the mean annual shoot length of Empetrum 
nigrum exceeded the mean annual shoot length of plants grown inside control plots 
in consecutive years significantly by + 123%, + 121%, + 229%, + 288% and + 340% 
(p<0.001; Table 5-2).
From 2006 through 2010 inside OTCs the overall average annual shoot length of 
Empetrum nigrum increased by 58 mm and significantly exceeded the overall average 
annual shoot length by + 200% compared to control plots. 
From 2006 through 2010 inside OTCs, the mean annual shoot length of Erica tetralix 
exceeded the mean annual shoot length grown inside control plots in consecutive 
years by + 41%, + 88%, + 75%, + 67% and + 123% (p<0.001; Table 5-2). Inside OTCs the 
overall average annual shoot length increased by 31 mm and significantly exceeded the 
average annual shoot length by + 79% compared to control plots. 
From 2006 through 2010 and inside OTCs, the mean annual shoot length of Calluna 
vulgaris exceeded the mean annual shoot length grown inside control plots in 
consecutive years by + 47%, + 106%, + 76%, + 50% and + 62% (p<0.001; Table 5-2). 
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Inside OTCs the overall average shoot length increased by 39 mm and significantly 
exceeded the annual average shoot length by + 69% compared to control plots. During 
2005-2010 both the absolute and relative shoot length increase in OTCs of Empetrum 
nigrum (+ 49 mm, + 163%) exceeded those of Calluna vulgaris (+ 34 mm, + 63%) and 
Erica tetralix (+ 25 mm, + 63%). 
Table 5-2. Average annual response of shoot length to enhanced warming with OTCs (2005 - 2010) at the south-
ern range margin of Empetrum nigrum with co-occurring Erica tetralix and Calluna vulgaris. p=significance level; 
c=control; otc=open top chamber; % ∆=difference.
Empetrum nigrum Erica tetralix Calluna vulgaris 
c otc % ∆ p c otc % ∆ p c otc % ∆ p
2005 40 42 + 5 0.702 41 43 + 5 0.568 48 49 + 2 0.759
2006 30 67 + 123 <0.001 33 45 + 41 0.041 51 75 + 47 <0.001
2007 38 84 + 121 <0.001 43 81 + 88 <0.001 67 138 + 106 <0.001
2008 27 89 + 229 <0.001 40 70 + 75 <0.001 46 81 + 76 <0.001
2009 25 97 + 288 <0.001 49 82 + 67 <0.001 60 90 + 50 <0.001
2010 22 97 + 340 <0.001 30 67 + 123 <0.001 26 42 + 62 <0.001
2006-
2010
29 87 + 200 <0.001 39 70 + 79 <0.001 56 95 + 69 <0.001
Biomass 
From the data represented in Figure 5-6, it is apparent that the average biomass (2005-
2010) of Empetrum nigrum (p<0.001), Calluna vulgaris (p=0.04) and Erica tetralix 
(p<0.001) significantly (repeated measures ANOVA) increased inside OTCs compared 
to control plots. On average Empetrum nigrum produced 168 mg biomass (+ 112%), 
Calluna vulgaris produced 42 mg biomass (+ 12%) while Erica tetralix produced 18 mg 
biomass (+ 14%).
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Figure 5-6. Average (2005-2010) biomass responses of Empetrum nigrum, Calluna vulgaris and Erica tetralix to enhanced 
warming in OTCs compared to control plots at the southern range margin. Repeated measures ANOVA Empetrum 
nigrum p<0.001; Calluna vulgaris p=0.04; Erica tetralix p<0.001. Error bars indicate standard error or the means. 
Average number of leaves
The analysis of the number of leaves (Figure 5-7 A) of Empetrum nigrum grown in 
2008 demonstrated a significant difference (p=0.009) between the average number of 
leaves in control plots (n=10; mean number of leaves 102) and in the OTCs (n=10; mean 
number of leaves 161).
Average leaf length
The analysis of the average leaf length (2008; Figure 5-7 B) demonstrated a significant 
difference (p=0.001) between the leaves in control plots (n=10; 3.02 mm) and in the 
OTCs (n=10; 3.24 mm).
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Figure 5-7  
A. The average number of leaves of Empetrum nigrum in OTCs (161 leaves) increased significantly (p=0.009) compared 
to control plots (102 leaves) at the southern range margin. 
B. A significant (p<0.001) increase in the average leaf length of Empetrum nigrum in OTCs (n=10; 3.2 mm) compared to 
leaves from control plots (n=10; 3.0 mm) was demonstrated at the southern range margin. 
C. Increased warming with OTCs affected leaf life span 2007/2008 and 2009/2010 of Empetrum nigrum at the southern 
range margin. Leaf life span 2007-2008 in control plots (n=10) was 1.6 year, in OTCs (n=10) 1.2 year (p<0.001); leaf life 
span 2009-2010 in control plots was 1.7 year, in OTCs (n=10) 1.6 year (p=0.46). Error bars indicate standard error of 
mean.
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Leaf life span 
The analysis of leaf life span of Empetrum nigrum (Figure 5-7 C) in 2009, investigating 
the leaves grown in 2007 and 2008 demonstrated a leaf life span in control plots of 
1.6 years (n=10) and a significantly shorter leaf life span in OTCs of 1.2 years (n = 10; 
p<0.001). A (laboratory) analysis of leaf life span, investigating the leaves grown in 
2009 and 2010, demonstrated a not significant (p=0.46) difference of leaf life span 
between control plots (1.7 year; n=10) and OTCs (1.6 year; n=10).
Total plot measurements: biomass, ground cover area and plant height 
In February 2011, after six years of year-round experimental warming and before growth 
of the 2011-season set on, plants in all OTCs and control plots at the southern range 
margin were finally destructively harvested at ground level. Before doing so, the ground 
cover area of each species has been investigated, as well as the plant heights. Table 5-3 
and Figure 5-8 indicate that the total above ground biomass of Empetrum nigrum inside 
OTCs compared to control plots increased only slightly and not significant (p=0.47). Also 
in Empetrum nigrum, a minor and not significant (p=0.14) decrease in total ground cover 
area has been observed. Unlike the previous species, cover and height of co-occurring 
Calluna vulgaris responded positively and significantly stronger to enhanced warming 
with OTCs. Ground cover increased by + 123% (p<0.001), the plant height increased by 
+ 73% (p < 0.05) and biomass increased was + 108 % (p=0.01). The co-occurring Erica 
tetralix significantly (p=0.02) increased biomass by + 409% and simultaneously doubled 
its height (p<0.001) however the ground cover area was not significantly changed 
(p=0.31). Bare ground or moss and lichens covered area in control plots was 1.1 m2 and 
decreased, due to the increased cover by Calluna vulgaris, to 0.6 m2.
Table 5-3. Total plot measurements at the southern range margin before and after the final destructive harvest 
in February 2011. Control = ambient temperatures; otc = enhanced temperatures; ∆ = difference; % = percentage 
difference; p = significance level.
G
ro
un
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r 
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ea
 
(m
2 )
Control OTC ∆ % p
Empetrum 
nigrum
2.13 1.75 0.38 - 18 0.14
Calluna vul-
garis
0.72 1.60 0.88 + 123 0.00
Erica tetralix 0.05 0.08 0.03 + 60 0.31
Pl
an
t 
he
ig
ht
 
(c
m
)
Empetrum 
nigrum
22 38 16 + 73 < 0.05
Calluna vul-
garis
34 56 22 + 65 < 0.05
Erica tetralix 21 42 21 + 100 < 0.001
To
ta
l b
io
m
as
s 
(g
)
Empetrum 
nigrum
4348 4822 474 + 11 0.47
Calluna vul-
garis
1394 2912 1518 + 108 0.01
Erica tetralix 61 311 250 + 409 0.02
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Vegetative responses to enhanced temperatures at the northern range margin 
Shoot length growth
At the northern range margin at Endalen, Svalbard, shoot length of Empetrum nigrum 
responded positively (+ 45% increase; Table 5-4) and significantly across all years (p=0.01, 
repeated measures ANOVA 2008-2010) to enhanced warming in OTCs compared to 
control plots. However in 2010, the OTC effect was smaller and not significant (p=0.18). 
The co-occurring Cassiope tetragona increased shoot length growth by + 25% increase 
(Table 5-4; p<0.001 repeated measures ANOVA; 2008-2010).
Table 5-4. Annual average response of shoot length of Empetrum nigrum and Cassiope tetragona at Endalen, Sval-
bard, to enhanced warming with OTCs (2008-2010) compared to control plots (c); p = significance level. The signifi-
cance of the average data 2008-2010 was tested with repeated measures ANOVA with time as in-between factor.
Empetrum nigrum Cassiope tetragona
c otc Δ Δ% p c otc Δ Δ% p
2010 17.4 22.0 4.6 + 26 7.04 9.49 2.45 + 35
2009 16.3 25.5 9.2 + 56 8.85 10.53 1.68 + 19
2008 14.7 22.5 7.8 + 53 7.09 8.33 1.23 + 17
2008-2010 16.1 23.3 7.2 + 45 0.01 7.6 9.5 1.9 + 24 0.001
Biomass
From the data represented in Table 5-5 it is apparent that the biomass (mg) of 
Empetrum nigrum significantly increased across all years (repeated measures ANOVA 
p<0.02) inside OTCs compared to control plots. Also the biomass of Cassiope tetragona 
(Table 5-5) significantly increased across all years (repeated measures ANOVA p=0.02) 
in OTCs compared to control plots. 
Table 5-5. Average biomass (mg per individual subsample) of Empetrum nigrum and Cassiope tetragona at Endalen. 
c=control; otc=open top chamber; Δ=difference; p= probability based on repeated measures ANOVA p<0.001. 
Empetrum nigrum Cassiope tetragona 
c otc Δ Δ% p c otc Δ Δ% p
2010 57.8 67.1 9.3 + 16 36.2 45.3 9.2 + 25
2009 50.2 76.2 26 + 52 30.7 40.3 9.7 + 32
2008 36.6 51.7 15.1 + 41 22.9 28.2 5.3 + 23
2008 - 2010 136.9 194.9 58 + 42 0.02 89.7 108.2 18.5 + 21 <0.001
Average number of leaves
The analysis across all years of the number of leaves (Figure 5-8 A) of Empetrum nigrum 
grown in 2008-2010 did not demonstrate a significant difference (repeated measures 
ANOVA p=0.20). 
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Figure 5-8 A. The annual average number of leaves of Empetrum nigrum at the northern range margin at Endalen, 
Svalbard did not significantly differ (repeated measures ANOVA p=0.20) control n=10, OTC n=10.
B. The annual average leaf length (mm) of Empetrum nigrum (2008 p=0.23; 2009 p=0.06; 2010 p=0.74). Leaf length 
across all years (repeated measures ANOVA p=0.02); control n=10, OTC n=10) at Endalen, Svalbard. Error bars indicate 
standard error of the mean.
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Average leaf length
The development of leaf length across all years (2008-2010) demonstrated a significant 
difference (repeated measures ANOVA p=0.02), but due to low statistical power, was 
not significantly different for individual years plots (2008 p=0.23; 2009 p=0.06; 2010 
p=0.74). Cassiope tetragona (repeated measures ANOVA p=0.43) grown in OTCs did 
not show a difference of leaf length between leaves grown inside OTCs compared to 
control plots. 
Leaf life span 
The analysis of leaf life span (Table 5-6) of Empetrum nigrum demonstrated an average 
value from shoots grown in control plots (n=10) of 2.26 year and from shoots grown 
in OTCs (n=10) of 2.27 year, a not-significant difference (p=0.9). Cassiope tetragona 
demonstrated on average a leaf life span of 2.6 years from shoots grown in control plots 
and of 2.3 years from shoots grown in OTCs, also a not-significant difference (p=0.1).   
Table 5-6. Leaf life span (years) of Empetrum nigrum and Cassiope tetragona in Endalen, Svalbard. 
Control OTC p
Empetrum nigrum 2.3 2.3 0.9
Cassiope tetragona 2.6 2.3 0.1
Finally, the LLS of plants from control plots south, at Bergen aan Zee, was on average 
1.6 year significantly different compared to Endalen, with a LLS of 2.3 year (p<0.001). 
Discussion
This chapter compares growth responses of Empetrum at the southern and northern 
range margin and aims to find mechanisms behind the observed range shifts of 
Empetrum nigrum, both northward at its southern range margin and northward at its 
northern range margin. At its southern range margin it was hypothesized that Empetrum 
nigrum would respond negatively to increased temperature and at its northern range 
margin would respond positively to the increased temperature. It was expected that 
co-occurring species Calluna vulgaris and Erica tetralix would respond positively to 
the manipulations, acquiring increased competitiveness relative to Empetrum nigrum 
south. At its northern range margin it was hypothesized that Empetrum nigrum would 
respond positively to the enhanced temperatures in OTCs. Cassiope tetragona, a co-
occurring species from the High Arctic, was also studied to assess if competitiveness 
of the species was altered under enhanced temperature. Part of the results described 
and discussed in this chapter, have been published by Buizer et al. (2012).
Growth responses at the southern range margin
In addition to the observed advanced onset and the termination of flowering of 
Empetrum nigrum in OTCs as discussed in Chapter 4 and to which the onset of vegetative 
growth is immediately following, also an earlier termination of the vegetative growing 
season was expected and no extension of the growing season was expected. In addition 
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to the advanced onset, a delayed termination of the growing season length (GSL
plant
) 
was observed (Figure 5-5) in OTCs, potentially increasing the energy budget of plants. 
Suzuki and Kudo (1997) also found an extended growing season in OTCs. In addition to 
shoot extension of Empetrum nigrum, significant effects of warming on phenology and 
leaf longevity were found. The observed low values for t
75
 – t
25
 (indicating an increased 
growth rate), the advance of the time needed by shoots to reach 50% of their final 
length (Table 5-1) and the increased absolute growth rate (Table 5-1) both indicate that 
enhanced warming inside OTCs promotes both the relative and absolute rate of shoot 
length growth of in particular Empetrum nigrum as compared to Calluna vulgaris and 
Erica tetralix. Bannister (1978) experimentally investigated Calluna vulgaris and Erica 
tetralix plants originating from different (warmer and colder) sites with different mean 
maximum and minimum temperatures. He concluded that plants from cooler and more 
northern sites responded with an increased rate of shoot extension to the relatively 
warmer situation compared to plants from warmer sites. Chapman and Bannister 
(1994), studying Calluna vulgaris in New Zealand, reported that shoot extension and 
flowering development were delayed in cooler seasons. 
The increased growth rate and the advantage of on average 13 days (Table 5-1) as 
compared to Calluna vulgaris at which 50% of the final shoot increments in realized, 
may give Empetrum nigrum a competitive advantage over Calluna vulgaris and Erica 
tetralix with increased temperatures. 
It was hypothesized that Empetrum nigrum with its more Boreal - (sub) Arctic geographic 
distribution and thereby cooler environmental preferences, would demonstrate a 
negative response to enhanced warming at the southern range margin. The results 
presented in Table 5-2 provide evidence that Empetrum nigrum benefits most of the 
enhanced temperatures in OTCs. Although increased shoot length growth of Empetrum 
nigrum to enhanced temperatures was already reported by Shevtsova (1997) for the 
Finnish sub-Arctic and by Suzuki and Kudo (1997, 2000) who investigated responses 
to enhanced temperatures at the species’ southern range margin in alpine Japan, 
it was unknown that Empetrum nigrum responded positively to increased warming 
at its southern range border at 52oS. Significantly (p<0.01) larger shoot elongation, 
up-to four times in comparison to control plots of Empetrum nigrum in OTCs is also 
reported by Wada et al. (2002) after 26 months of increased warming in central Japan. 
Kudo and Suzuki (2003), who reported the strong increase in shoot production of 
Empetrum nigrum during their five years temperature manipulation with OTCs in a 
mid-latitude alpine area in northern Japan, concluded that the remarkable vegetative 
growth by experimental warming could be advantageous for the further development 
of Empetrum nigrum relative to co-occurring Ledum palustre. In contrast to the 
observed positive responses by Empetrum nigrum to enhanced air warming are the 
results by Peñuelas et al. (2007) who found that Empetrum nigrum in the UK tended 
to respond negatively to night time warming, a treatment introduced by Beier et al. 
(2004), resulting in soil and plant warming. Since the current research only used OTCs, 
resulting in daytime air warming, a comparison with results by Peñuelas et al. (2007) 
remains difficult. 
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The long term research (16 years warming with OTCs) by Hudson, Henry and Cornwell 
(2011) suggests that tundra plants in the High Arctic will show a multifaceted response to 
warming, often including taller shoots with larger leaves. Also this is in accordance with 
our current research since the individual leaf length of Empetrum nigrum significantly 
increased from on average 3 mm to 3.2 mm (Figure 5-7 B) but is in contrast to the 
results of Suzuki and Kudo (1997) who did not report a leaf size increase in Japanese 
mountains at the southern range margin. However they analysed leaves after only one 
season of artificial warming while leaves have the potential to grow during the total 
leaf life span. The current results emerged from leaves being the fourth generation 
grown in OTCs since 2005. 
Above ground biomass of individual plants
The observed increased shoot length as well as the number and length of individual 
leaves will support increased biomass of the annual shoots. For obvious reasons the 
response of annual shoot biomass to enhanced temperatures in OTCs could only 
be determined after the final destructive harvest at the southern range border. The 
observed significant increase in annual biomass of Empetrum nigrum (Figure 5-6) was 
opposite to the expectations, but is in line with the observed but likewise unexpected 
increase in shoot length, number of leaves and the individual leaf length. The results 
of the biomass measurements were somewhat biased as leaves grown before 2007 
were more shed off in OTCs, but could still be present in control plots. It was assumed 
that shedding of leaves would occur simultaneously in OTCs and control plots, but this 
assumption was falsified. Nevertheless, considering the results presented in Figure 
5-6, there is strong evidence that OTCs significantly enhanced the annual biomass 
of Empetrum nigrum. The significant result of the repeated measures ANOVA of the 
development of biomass across all years (p<0.001) also supports this conclusion. 
From the results at the southern research site, it may be concluded that the above 
ground biomass is increased along with shoots length, amount of leaves and individual 
leaf length of Empetrum nigrum. Our result, supported by Kudo and Suzuki (2003), 
who present significant increases in annual leaf production, above ground biomass 
production, branch number and annual production of non-assimilating parts of 
Empetrum nigrum in Japanese alpine mountains.
Annual biomass increment of Calluna vulgaris (Figure 5-6) and of Erica tetralix (Figure 
5-6), simultaneously grown with Empetrum nigrum in OTCs and control plots, was less 
than that of Empetrum nigrum. Thus, according to these results Empetrum nigrum 
performed better under OTC warming conditions and showed a more pronounced 
response compared to Calluna vulgaris and Erica tetralix. This does not support the 
option of the northward retreat of Empetrum by increased competitiveness of co-
occurring Calluna and Erica.  During the current research, it became more and more clear 
that the responses of Empetrum nigrum to increased temperatures were opposite to 
the hypothesized expectations of response direction. A positive and consistent response 
of Empetrum nigrum in all measured vegetative growth parameters was observed. Also 
leaf life span did not indicate any worsening of conditions (Chabot and Hicks, 1982) 
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since unfavourable environmental conditions would have resulted in an increased leaf 
life span. The results of the present study do not support the susceptibility of Empetrum 
nigrum (mainly expecting reduced growth and reproduction) as supposed by Fosaa et 
al. (2004). They studied the potential effects of a warming scenario on especially ‘most 
vulnerable species’ Empetrum nigrum and Calluna vulgaris along an altitudinal gradient 
on the Faroe Island and expect an upward migration in case of a warmer climate and 
a downward migration in case of a cooler climate. Also Trivedi et al. (2008) used the 
relationship between distribution and temperature solely as a basis for their study on 
the potential effects of climate change on plant communities in montane Scotland, 
United Kingdom. Similarly, temperature is used as a sole factor to predict potential 
future impacts on species’ distribution by Bakkenes et al. (2002), Harrison et al. (2006), 
Hulme et al. (1993) and also by Bell and Tallis (1973) referring to the northward retreat 
of the southern limit of Empetrum nigrum in Britain as the reduction in number of 
its lowland sites in part due to increasing mean winter temperatures. However, the 
results of the current research presented here, indicate that Empetrum nigrum does 
not respond negatively to increased warming with OTCs in coastal sandy dunes with a 
moderate maritime climate at the southern range margin at 52oS. 
For a proper assessment of the observations on leaf length, also leaf life span has to 
be considered since at the southern range margin of Empetrum nigrum an increase 
in leaf size was observed as early as the first growing season. There is an obvious 
(p<0.001) difference between the leaf life span in control plots at the northern and 
the southern range margin of Empetrum nigrum, an observation supported by Van 
Ommen Kloeke et al. (2011). They found in their meta-analysis that evergreen species 
adjusted to unfavourable conditions by increasing leaf life span up to four growing 
seasons. Also variation in leaf life span was best explained solely by temperature, 
instead of by combined measures of temperature, moisture and nutrient availability. 
At the southern range margin, it was observed (Figure 5-7 C) that leaf life span of leaves 
from the 2007-2008 generation was significantly (p<0.001) shorter compared to leaf 
life span in control plots. However, a significant leaf life span difference (p=0.46) from 
the 2009-2010 generation was not to be found. These differences in observations may 
be connected with the non-destructive in-field measurements of leaf life span 2007-
2008 and the probably more accurate laboratory measurements of leaf life span 2009-
2010 after final harvest in February 2011. 
Total plot measurements: biomass, ground cover and plant height
In addition to the direct growth responses to six years of increased temperatures, 
it was also hypothesized that increased competitiveness of Calluna vulgaris in OTCs 
potentially could be related to the northward shift of Empetrum nigrum at its southern 
range margin. Indeed, Calluna vulgaris’ average annual shoot growth (Table 5-2), 
shoot growth rate (Table 5-1) and biomass (Figure 5-6) increased all according to the 
expectations. The significant increased ground cover, plant height and total plot-biomass 
(Table 5-3) of Calluna vulgaris also provided evidence to this expectation. However, 
neither the ground cover of Empetrum nigrum, showing only a slight decrease  (p=0.14), 
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nor the total plot-biomass (p=0.47) changed. This indicates that Empetrum nigrum 
did not suffer serious competition from Calluna vulgaris, which in turn gained ground 
cover area at the cost of lichens, mosses and bare ground in the OTCs. Cornelissen 
et al. (2001) also reported a loss of lichen biodiversity in the sub-Arctic and mid-
Arctic. They hypothesized that macrolichen abundance in manipulated experiments 
simulating mostly warming, would decline as a function of increased abundance of 
vascular plants. Under ambient temperature conditions a similar development was 
found on the Dutch island of Terschelling, where vegetation analyses of 1966 were 
compared to those of 1990 (Ketner-Oostra 1993, 2004). The analyses of 1966 showed 
65% bare ground, 22% seed plants and 13% lichens while the analyses of 1990 showed 
5% mosses, 45% Empetrum nigrum ‘monospecific’ and 50% Empetrum nigrum ‘mixed’ 
with other species, demonstrating a strong increase of Empetrum nigrum. 
The increased shoot length growth of Empetrum nigrum in OTCs is reflected in the 
positive response (p<0.05) in canopy height, albeit that the absolute increase of 
Calluna vulgaris (22 cm) surpasses shoot length growth (16 cm) of Empetrum nigrum. 
It cannot be ruled out that changed competitiveness with OTC warming is involved 
with southern and northern range shift. We realize however, that our approach and 
plant measurements with experimental warming do not allow obtaining more than 
indications of altered competitiveness.
Responses at the northern range margin
Shoot length 
The increased warming with OTCs from 2008-2010 of Empetrum nigrum in Endalen 
resulted in a large and significant positive response of shoot length growth (Table 
5-4). These results are supported by the investigations of Shevtsova et al. (1997) who 
investigated the influence of enhanced temperatures in sub-Arctic Finland. Empetrum 
nigrum and the co-occurring Vaccinium vitis-idaea both showed increased shoot 
growth in the second and third season as response to enhanced temperatures. Also 
Suzuki and Kudo (1997, 2000) reported enhanced shoot growth of Empetrum nigrum 
at the southern range margin in alpine Japan. The results of the present investigation 
confirm the direct effect hypothesis that Empetrum nigrum might benefit from altered 
temperatures at the northern range margin.
From Table 5-4 it is apparent that the co-occurring Cassiope tetragona also significantly 
responded to increased temperatures in OTCs (cf Weijers 2012, Weijers et al. 2012). 
From Table 5-4 it can be seen that Empetrum nigrum demonstrated a more increased 
growth to enhanced warming relative to Cassiope tetragona suggesting increased 
competitiveness of Empetrum with warming. 
Number of leaves
The average annual number of leaves was only determined for Empetrum nigrum. 
From Figure 5-8 A it is apparent that only a minor positive response was determined 
with OTC warming, but not significant. A greater amount of leaves was expected 
since this would reflect the increased biomass, but also potentially would enhance 
photosynthesis for increased growth. Hudson et al. (2011) observed an increased leaf 
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production to enhanced warming in other evergreen dwarf shrubs as part of their 
long-term, plot-based observational study in the Arctic to detect an increase in total 
aboveground biomass. 
Length of individual leaves
The average leaf length of Empetrum nigrum during the period 2008-2009 demonstrated 
small positive responses to enhanced warming, however the differences between 
length of leaves from OTCs compared to control plots were not significant (Figure 5-8 
B). Interestingly, the development of leaf size across all years demonstrated a significant 
difference (repeated measures ANOVA p=0.02). This difference could be interpreted 
taking the age of leaves related to their average leaf life span of 2.3 years in OTCs into 
account and the time that the leaf primordia were developed. Thus, leaves of the 2010 
season are in their first season, leaf primordia were developed in 2009 and shoot 
length is limited and could improve during the next seasons; leaves of the 2009 season 
are in their second season, leaf primordia were developed in 2008, the first year of 
OTC-treatment; these leaves perform longest leaf length of all leaf generations. Leaves 
of the 2008-season show a leaf life span of 3 years, but their leaf primordia were not 
developed under the influence of OTC-warming. The annual average length of leaves of 
the co-occurring Cassiope tetragona did not significantly change. This is in contrast to 
the results of artificial warming in Arctic Canada, where Cassiope tetragona was one of 
the species demonstrating leaf length increase after sixteen years of warming (Hudson 
et al. 2011). Their results could indicate that the duration of the current research was 
too limited.
Above ground biomass
At the northern range margin, at Endalen, Svalbard, biomass of annual shoots of 
Empetrum nigrum increased (2008-2010 repeated measures ANOVA p=0.02) in OTCs 
compared to control plots (Table 5-5). Although these data are more robust with 
respect to loss of leaves compared to those from the southern research site, the 
duration of the manipulations might have been relatively short compared to other 
studies like Chapin (1995) who indicates that in general, short-term (3 years) responses 
were poor predictors of longer term (9 years) changes in community composition. 
Hudson et al. (2011) studied trait responses during sixteen years in Arctic Canada. 
Overall, they concluded that growth traits were more sensitive to warming than leaf 
chemistry traits. It was found that responses to warming were sustained, even after 
many years of warming treatment and that responses to warming often included taller 
shoots with larger leaves. Like Empetrum nigrum, the co-occurring Cassiope tetragona 
demonstrated a significant increase in above ground biomass. As can be seen in Table 
5-5, Empetrum nigrum biomass increased over that of Cassiope tetragona. This result 
reflects the increased biomass of both species realistically, and it may be concluded that 
Empetrum nigrum responded more to enhanced warming than Cassiope tetragona, 
both in an absolute as in a relative way. This suggests increased competitiveness of 
Empetrum relative to Cassiope.
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Leaf life span
At the northern range margin at the Endalen research area, LLS of Empetrum nigrum 
(Table 5-6) did not change with warming (p=0.9), though the plants were subjected 
to three seasons of enhanced warming. In mid-latitude mountains in Northern Japan 
it was observed that the 2-year old leaves of Empetrum nigrum showed significantly 
higher survival rates in OTCs, indicating an increase of the LLS (Suzuki and Kudo 2000). 
In addition to Van Ommen Kloeke et al. (2011), Chabot and Hicks (1982) point out that 
an improved carbon budget is the most important factor explaining the temperature 
dependency of leaf life span. Thus, when temperature limits photosynthesis, the 
energetic investments in leaves are spread over a longer period before leaves are 
amortized. Wookey et al. (1993) reported the increase of photosynthetic activity of 
tundra plant as a response to artificial warming. Because of the extended growing 
season, discussed earlier, plants were able to absorb more solar energy, which may 
contribute to an increased photosynthetic carbon gain. Simultaneously with the 
increased photosynthetic CO
2
 assimilation, the respiratory CO
2
 loss of tundra plants 
increases under warmer conditions. The increased amount of leaves and the length of 
the individual leaves indicate a larger carbon gain in OTCs (Suzuki and Kudo 2000). The 
ability of (evergreen) plants to start photosynthesis soon after snowmelt as observed 
by Karlsson (1985) and Körner (1999), as the immediate start of flowering of Empetrum 
nigrum at the northern range margin on Svalbard, give species the possibility to 
effectively use the marginal parts of the growing season, also in OTCs which may result 
in an increased vegetative performance.
How do plant vegetative responses relate to the research questions?
Vegetative growth parameters were altered by increased temperature (research 
question 1) as summarized in Table 5-7. Unexpectedly, many vegetative growth 
parameters of Empetrum nigrum responded positively to increased temperatures. The 
results confirmed the expected increased growth of Calluna vulgaris and Erica tetralix 
that were even exceeded by responses of Empetrum nigrum. North, both Empetrum 
nigrum and Cassiope tetragona responded positively to increased temperature, with 
largest positive responses by Empetrum nigrum.  
Increased temperature altered the vegetative phenology (research question 2) and 
caused advanced onset and delayed termination of the growing season length of 
Empetrum nigrum, Calluna vulgaris and Erica tetralix south. This is clearly reflected 
in the increase of biomass (Table 5-5). North, increased temperature did not alter the 
growing season length.
The result section and Table 5-2 indicate that OTC-increased temperatures differentially 
affect the three co-occurring dwarf shrub species (research question 3). It was expected 
that in particular Calluna vulgaris, with a more continental range, would benefit from 
warming, but the growth increase of Empetrum nigrum was more pronounced. North, 
Empetrum nigrum growth responses to increased temperature exceeded those of 
Cassiope tetragona.
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The observed direct vegetative responses of Empetrum nigrum at the southern range 
margin are almost all in contrast to the expected responses, thus conclusively falsifying 
the hypothesis (research question 4) that direct growth responses explain the observed 
northward shift at the southern range margin. However, in the north, the observed 
responses confirmed the expectations, thus providing evidence that increased 
temperature promotes the establishment of Empetrum nigrum at its northern range 
margin.
At the northern range margin, some evidence of competitive advantage in terms 
of increased vegetative growth of Empetrum nigrum over Cassiope tetragona was 
obtained. Buizer et al. (2012) report a decrease in Cassiope tetragona’s shoot length 
growth when growing close to Empetrum nigrum while Havström et al. (1993) report 
that Cassiope tetragona produces a decreased number of flowers when shaded. Thus, 
although there is some evidence that the fast growth of Empetrum nigrum potentially 
negatively affects Cassiope tetragona, a further study with more focus on competition 
is therefore suggested.
The results of the present study with regards to our hypotheses are in accordance with 
Callaghan et al. (2004), who studied geographical range shifts due to climate warming 
for other species. It was found that species-expansion at northern boundaries happens 
through direct, opportunistic responses, while extinction at southern boundaries is 
usually not caused by the rising temperatures.  
Conclusion
In this chapter we aimed to broaden our knowledge of plant responses to OTC-
warming and of mechanisms behind the observed range shifts of Empetrum nigrum, 
both northward at its southern range margin and northwards at its northern range 
margin, as attributed to current global warming. After the analysis of various growth 
and phenological responses (as summarized in Table 5-7) to simulate climate warming 
with OTCs, we obtained partial evidence for an ecological explanation of range shifts 
of Empetrum nigrum. In contrast to the expected response direction, the growth and 
biomass parameters of Empetrum nigrum responded positively to warming with OTCs 
at the southern range margin. No indication was found of increased competitiveness 
of co-occurring Calluna vulgaris relative to Empetrum nigrum in response to warming 
with OTCs. The northward retreat of Empetrum nigrum cannot be explained by direct 
and indirect responses to experimental warming.
At the northern range margin, the growth and biomass parameters responded 
positively (Table 5-7) to warming with OTCs. This helps to explain the observed 
increased occurrences of Empetrum nigrum north on Svalbard. 
These increased occurrences may be explained by direct ecological responses of shoot 
and biomass growth to OTC-warming, however no conclusive evidence was found 
of increased competitiveness of Empetrum relative to co-occurring Cassiope upon 
warming. 
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Table 5-7. Summary of phenological and growth responses (mean values) of Empetrum nigrum, including shoot 
growth, biomass, area covered and plant height of its main co-occurring Calluna vulgaris and Cassiope tetragona 
to experimental warming with OTCs at its southern (Atlantic) and northern (High Arctic) geographic range margin. 
* = significant at 0.05; ns = not significant; R = expected response direction: + response according to expectation; - 
response opposite to expectation; 0 no significant response.
52oN: southern margin (Atlantic) 78oN: northern margin (High Arctic)
Parameter Con-
trol
OTC Change % R Parameter Con-
trol
OTC Change % R
1. Length of vegeta-
tive growing season 
of Empetrum (date; 
days)
11/4-
15/7
91
21/3-
5/9
161
+ 70 * 75 -
1. Vegetative grow-
ing season length 
Empetrum (date; 
days)
1/6-
25/8
70
1/6-
25/8
70
0 0 0
2. Length of vegeta-
tive growing season 
of Calluna (date; 
days)
25/4-
11/7
78
4/4-
29/9
176
+ 98 * 126 +
2. Growing season 
length Cassiope 
(days)
70 70 0 0 0
3. Annual shoot 
length growth (mm) 
Empetrum
30 84 + 54 * 180 -
3. Annual shoot 
length growth 
(mm) Empetrum
16.1 23.3 +7.2 * 45 +
4. Annual shoot 
length growth (mm) 
Calluna
56 96 + 40 * 71 +
4. Annual shoot 
length growth 
(mm) Cassiope
7.4 10.1 +2.7 * 36 +
5. Shoot growth rate 
(mm day-1) Empetrum
0.4 1.25 + 0.85 * 212 -
5. Shoot growth 
rate (mm day-1) 
Empetrum
0.28 0.42 + 0.14 * 50 +
6. Shoot growth rate 
(mm day-1) Calluna
0.9 1.96 + 1.06 * 118 +
6. Shoot growth 
rate (mm day-1) 
Cassiope
0.13 0.18 0.05 * 38 +
7. Total biomass 
2005-2010 (mg) 
Empetrum 
904 1909 + 1005 * 111 -
7. Biomass of 
branches 2008-
2010 (mg)  
Empetrum
48.2 64.2 +16.0 * 33 +
8. Total biomass 
2005-2010 (mg) 
Calluna 
2067 2321 + 254 * 12 +
8. Biomass of 
branches 2008-
2010 (mg) Cassiope
28.4 43 +14.6 * 51 +
9. Area covered (m2) 
Empetrum
2.13 1.75 - 0.38 -18 +
9. Area covered 
(m2) Empetrum 1.5 1.5 0 0 0
10. Area covered (m2) 
Calluna
0.72 1.60 + 0.88 * 122 +
10. Area covered 
(m2) Cassiope 0.5 0.5 0 0 0
11. Plant height (cm) 
Empetrum
22 38 + 16 * 73 -
11. Plant height 
(cm) Empetrum
5 5 0 0 0
12. Plant height (cm) 
Calluna
34 56 + 22 * 65 +
12. Plant height 
(cm) Cassiope
5 5 0 0 0
13. Leaf life span 
(year) Empetrum
1.6 1.3 + 0.3 * -19 + 13. Leaf life span 
(year) Empetrum
2.5 2.5 0 0 0
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Chapter 6 
Climate change – increased precipitation: responses of 
Empetrum nigrum and co-occurring dwarf shrubs 
Summary
The amounts and the pattern of precipitation are believed to change due to climate 
change, which may affect plant performance. At the southern range margin we 
subjected Empetrum nigrum together with co-occurring Calluna vulgaris and Erica 
tetralix to doubled precipitation during four years (2006-2009). In the water-limited 
dry coastal dunes the primary shoot length growth of all three species significantly 
increased. The responses of Empetrum nigrum exceeded that of Calluna vulgaris and 
Erica tetralix. The role of this response to increased precipitation is discussed in relation 
to the northward retreat of the species at its southern range margin.
Introduction
A recent analysis showed that clear precipitation trends have been observed in Europe 
over the past century. Northern Europe between 30o-85oN experienced upward trends 
in precipitation in the range of 6-8% between 1900-2005. In northern Sweden, the 
summer precipitation increased from the second half of the 20th century onwards 
and in coastal areas of Northwest Europe the annual precipitation increased by 25% 
between 1910-2005. At the southern range margin of Empetrum, average decadal 
precipitation (January-July, coinciding with the growing season) increased from 49 
mm (1951-1960) to 82 mm (2002-2010), data www.knmi.nl. The average precipitation 
is expected to increase by 10-20% in northwest Europe and by 40-50% northward, 
but the magnitude and the direction of change at regional and local scale may vary 
(Callaghan 2010, IPCC 2007, Van Haren et al. 2013). This could affect terrestrial plant 
life, since the establishment of suitable water-relations is one of the most important 
determinants of plant growth (Grace 1997, Larcher 1995). Both water deficits and 
water excess potentially cause species-specific growth responses, which in their turn 
may affect community structure. 
Susceptibility to water deficits is demonstrated in dry habitats as found in parts of the 
coastal dunes in Denmark, Germany and the Netherlands, where the occurrence of 
Empetrum nigrum may be limited to north-facing slopes, in order to take advantage of 
the more humid microclimate caused by reduced evapotranspiration, due to limited 
incident solar radiation (Crawford 2008, Diersen 1996, Weeda 1988). 
Empetrum nigrum depends on damp climate and thus may be generally present in 
regions with high rainfall like low altitudes and coastal areas. The species is tolerant to 
a considerable range of water-content of the substratum and is found in a variety of 
communities like forest communities, dry and wet heath communities, peatland and 
grasslands, however, Empetrum once established, is intolerant to water logged soils 
(Bell and Tallis 1973).
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While Empetrum nigrum prefers damp habitats, extra precipitation in a dry dune 
ecosystem is likely to have a significant impact on growth performance of dwarf shrub 
species. We investigated vegetative growth parameters and we expected positive 
responses to increased precipitation. 
Erica tetralix is a widespread species in Atlantic Western Europe and characteristic of 
wet heathland communities. The substratum is typically waterlogged, poorly aerated 
and with a concomitant high organic content, while the change from a fluctuating to 
a high water table comes with a decrease of co-occurring Calluna and simultaneously 
increase of Erica (Bannister 1966). Its area has been described in Chapter 5. In the 
Netherlands, the distribution of Erica tetralix is in the centre of its natural range (Figure 
5-2), however declining in abundance which may partially be caused by increased 
drought growing conditions (Van der Meijden 1989). Erica tetralix demonstrates 
the widest ecological amplitude with respect to humidity, hence it is expected that 
vegetative growth characteristics will increase, thus will respond positively to increased 
precipitation. 
Calluna vulgaris reflects the widest ecological amplitude in temperature, precipitation, 
length of growing season and soil water conditions (Bannister 1966, Gimingham 1960) 
compared to Empetrum and Erica. As a result this species is most widely distributed 
over the Northern Hemisphere (Figure 5-1) and thus we expect Calluna vulgaris to 
respond positively to increased precipitation. As a results of this it can be hypothesized 
that abundance and possibly competitiveness of Calluna vulgaris will increase with 
extra precipitation, which indirectly could relate to reduced occurrence of Empetrum 
nigrum at the southern range margin.
The aim of our investigations was to analyse the response of three dwarf shrubs, each 
with different ecological background, to enhanced precipitation and to consider how 
this relates to the observed retreat of Empetrum nigrum at its southern range margin.
Materials and methods
In the westernmost research area north of Bergen aan Zee at 52o40’20’’N 4o38’10’’E 
(Chapter 2, Figure 2-1), the position of ten control plots and ten increased-precipitation 
plots was randomly determined, but so that Empetrum nigrum, Calluna vulgaris and 
Erica tetralix were included. We randomly selected five branches per species per 
plot and determined the average annual increase of shoot length as described in 
Chapter 2 and the average values of the investigated parameters were used, with n=10 
replications both for the plants from the increased-precipitation plots and the control 
plots. A small (50 mm) but not significant (paired samples T-test p=0.68) difference was 
demonstrated between the observed ambient annual precipitation and the research 
area (858 mm, 2006-2009) and the reference precipitation (964 mm, 2000-2005) that 
was used to calculate the weekly water supply (Table 2-1). Thus the supplied amount 
of water realistically represents the doubled precipitation during the field experiment.
The experimental area was fenced off to protect the plots against trampling and grazing 
cattle.
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Results
During the first year of enhanced precipitation (the beginning of which was June 2006; 
Table 6-1), shoot length growth of Empetrum nigrum (p=0.37) and Calluna vulgaris 
(p=0.23) in watered plots compared to control plots did not differ. However, shoot length 
of Erica tetralix responded positively (p=0.04). The continued enhanced precipitation 
demonstrated significant (p<0.001) differences in shoot length of Empetrum nigrum, 
Erica tetralix and Calluna vulgaris (Table 6-1). 
Calluna vulgaris shoots increased on average by 41 mm (66%) in response to enhanced 
precipitation, however Empetrum nigrum shoots increased on average by 40 mm 
(108%), thus performing most pronounced growth (Table 6-1).
Table 6-1. Responses of shoot length growth (mm) to enhanced precipitation (2006-2010) at the southern range 
margin of Empetrum nigrum including co-occurring Erica tetralix and Calluna vulgaris; c = ambient precipitation; 
P+ = doubled ambient precipitation; % = difference; p = significance level.
Empetrum nigrum Erica tetralix Calluna vulgaris 
c P+ % p c P+ % p c P+ % p
2006 29 31 7 0.37 27 32 19 0.04 36 42 17 0.23
2007 38 104 173 <0.001 63 110 75 <0.001 87 160 84 <0.001
2008 38 84 121 <0.001 38 91 139 <0.001 59 107 81 <0.001
2009 43 90 109 <0.001 45 82 82 <0.001 67 103 36 <0.001
2006-2009 37 77 108 43 79 80 62 103 66
Enhanced precipitation neither altered the onset nor the termination of the vegetative 
growth. As a consequence, the duration of the growing season was similar to that in 
control plots, thus the growing season length of Empetrum nigrum was on average 
from week 15 to week 28, of Calluna vulgaris from week 17 to week 28 and of Erica 
tetralix from week 17 to week 23 (cf Figure 5-5).
Discussion 
Plant responses to increased precipitation
The experimental increased precipitation was expected to promote shoot length growth 
of Empetrum nigrum, Calluna vulgaris and Erica tetralix according to their ecological 
characteristics. Experimental precipitation started June 1 (2006), after the time that 
under ambient conditions, the species already had reached 50% of the maximum shoot 
length (Table 5-1). Hence, it was expected that during the first season of enhanced 
precipitation only a limited response would be detectable, as was found for Empetrum 
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nigrum and Calluna vulgaris (Table 6-1). However, Erica tetralix showed a significant 
(p=0.04) response to the doubled precipitation in the first season, which may be 
explained by its preference for wet growing conditions (Bannister 1966). In the research 
area, Erica tetralix grows in the lowest and relatively wettest parts of the plots, but 
has become weak and attenuated after the increase of co-occurring Empetrum nigrum 
and Calluna vulgaris (Bannister 1966). Increased growth with doubled precipitation 
(Table 6-1) of Empetrum nigrum and Calluna vulgaris was detectable from the second 
season onwards. Empetrum nigrum is considered to be relatively drought sensitive 
species (Pott 1995, Tybirk 2000) and during the past hundred years, the extinction at 
many of its lowland sites in England has been attributed to improved drainage and 
subsequent drought (Bell and Tallis 1974). The sensitivity and the limited germination 
under dry conditions, is clearly reflected by Empetrum nigrum’s preference for north 
facing dune slopes with cool moist microclimatic conditions, in otherwise dry coastal 
habitats (Crawford 2008, Schaminée et al. 1996, Weeda et al. 1998). However, the 
present distribution of Empetrum nigrum is not limited to the north facing dune 
slopes, but also extends into the flat, currently dry dune valleys and onto dry hill tops, 
both to be regarded as a-typical habitats (Bijhouwer 1926, Everts 2011, Kruijsen et al. 
1992). Such a discrepancy between the preferred and the actual conditions relative to 
moisture may relate to altered geo-hydrological conditions with strong fluctuations of 
the ground water table during the last century (Bakker 1981).
During the current research, shoots extended annually on average 37 mm in control 
plots with 858 mm annual ambient precipitation and ground water table at -50 to -100 
cm below level. In the Empetrum nigrum-population ‘Guisveld’ near Zaanstad with 
comparable annual ambient precipitation but plants growing in a water-saturated 
habitat, shoots extended annually on average 255 mm (personal observations 2008-
2009). Prentice et al. (1987) predicted increased dominance of Empetrum relative to 
Calluna and Erica. Boudreau et al. (2010) analysed the allometric relationship between 
crown size and the minimum age of individuals and demonstrated that Empetrum 
nigrum has the ability to colonize a sub-Arctic dune system within decades under 
ambient conditions. The response range of Calluna vulgaris to soil water content is wide; 
moist unsaturated and aerated soils are preferred (Gloaguen 1987). Water saturated 
soils in pot cultures reduced growth and Calluna vulgaris also showed susceptibility 
to summer drought on shallow soils with low organic content (Gimingham 1960, 
Gloaguen 1987). Our results are in contrast to the responses of Empetrum to increased 
precipitation found in sub-Arctic Finland and northern Sweden. Shevtsova et al. (1997) 
and Keuper et al. (2012) who did not find effects of increased precipitation on shoot 
growth of Empetrum. This may be explained by the excessive water availability from 
snowmelt and limited drainage due to shallowness of the active layer and permafrost 
(McGraw 1985 cited by Weijers 2012) in tundra biomes at the beginning of the growing 
season of Empetrum. At the southern range margin of Empetrum, the onset of the 
vegetative growing season under ambient conditions is in April (Figure 5-5) while 50% 
of the final growth is accomplished by about the third week in May  (Table 5-1). The 
average monthly amount of precipitation (2005-2010) was 41.5 mm during April and 
May relative to the average monthly amount, 75 mm. Our experiments were conducted 
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in a dry dune valley with a low water table (on average minus 50-100 cm below ground 
level), with most of the precipitated water infiltrating to this level. Experimentally 
doubled precipitation significantly increased the shoot length of Empetrum nigrum and 
Calluna vulgaris. However, the response of Empetrum nigrum was most pronounced 
(Table 6-1, + 108%) upon increased water supply compared to Calluna vulgaris (Table 
6-1, + 66%). 
In conclusion, the marked increase of shoot length growth under moist condition 
(Guisveld) and the significant increase of shoot length with doubled precipitation 
underline the impact of available water for biomass production of Empetrum nigrum. 
In the dry dune ecosystem shoot length of the three dwarf shrub species studied, 
differentially increased with doubled precipitation. It was hypothesized that shoot 
length increase of Calluna was strongest, possibly explaining the southern retreat 
of Empetrum. However, the shoot length increase of Empetrum nigrum was most 
pronounced. Therefore the findings reported in this chapter do not provide a clue to 
the northward retreat of Empetrum at its southern range margin.
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Chapter 7
Climate change – do increased cloudiness and global 
dimming affect the growth and morphological parameters 
of Empetrum nigrum and co-occurring dwarf shrubs?
Abstract
Increased cloudiness has been observed since the fifties of the 20th century, albeit 
with great spatial and temporal variability. Increased cloudiness implies a reduced 
level of photosynthetic active radiation that expectedly will have an adverse effect on 
plant growth. Plants may adapt to reduced light by developing thin and wide ‘shadow 
leaves’, with an increased leaf area, capturing sunlight quanta and reducing leaf tissue 
respiration. Empetrum occurs in open heathland environments, but also grows in 
partially shaded habitats indicating some tolerance to shade. Therefore we expected 
Empetrum to adapt to compensate for the light reduction more than the other dwarf 
shrub species studied. Such adaptations to shading could be thinner and broader and 
longer leaves and longer shoots. We subjected the three plant species to about 50% 
light reduction. For Empetrum we found significantly increased shoot length, increased 
number of leaves and leaf scar distances and also longer leaves. Leaf thickness and 
leaf weight were significantly decreased in accordance with the assumed adaptations 
to shade. These results suggest that Empetrum compensates the light reduction by 
increasing light capturing leaf surface. 
Introduction
In previous chapters we considered the effects of warming and increased precipitation 
on growth and development of the dwarf shrub species of temperate and Arctic 
ecosystems. A third component of current climate change is increased cloudiness that 
comes with increased shading, which results in reduced photosynthetic active radiation 
(hereafter referred to as PAR) and we question the role of such ‘global dimming’ with 
respect to the growth of the three dwarf shrub species studied.
Global dimming
A reduction of solar radiation reaching the earth’s surface has been observed since 
1958 onwards (IPCC 2007, Stanhill and Cohen 2001, Stanhill 2005). This reduction, 
also known as global dimming, is defined as the currently occurring widespread and 
significant reduction in global irradiance, the direct and indirect solar radiation reaching 
the earth’s surface (Stanhill 2005).  
Measurements of global irradiance since the last four decades indicate worldwide, but 
spatially variable, statistically significant annual reductions averaging between 0.34 
and 0.60 Wm-2 or relatively 0.23% and 0.32% per year (Stanhill and Cohen 2001). For 
the 1964-1993 period a decrease averaging 2% per decade was reported (Gilgen et al. 
1998) and a review up to 2000 concluded a reduction in global irradiance of 2.7% per 
decade (Stanhill 2005).  A maximum decrease, exceeding 1 W m-2 year-1, is observed in 
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the mid-latitudes of the Northern Hemisphere, the earth’s most densely populated and 
industrialised zone. Therefore, global dimming is generally associated with the altering 
of transmissivity of the atmosphere, mainly caused by changes in anthropogenic 
aerosol emissions and increased cloudiness. Anthropogenic aerosols or liquid or solid 
suspended particles in the air (IPCC 2001) mainly consist of sulphate, fossil fuel organic 
carbon and fossil fuel black carbon, biomass burning and mineral dust aerosols (Forster 
et al. 2007). Aerosols affect the climate system by changing cloud characteristics like 
scattering and absorbing solar radiation (Lohmann and Feichter 2005).  
Increased cloudiness is induced by increased evaporation of surface water due to 
increasing surface temperatures (Quante 2006). The anthropogenic aerosols increase 
the number of cloud condensation nuclei, thus increasing the cloud albedo effect 
(Lohmann and Feichter 2005). These increased levels in cloudiness enhance the 
reflectivity of incoming solar radiation (Karl and Trenberth 2003), implying a reduction 
of photosynthetic active radiation which can be expected to have adverse effects 
on carbon assimilation (Stanhill 2005) and plant performance such as altered leaf 
morphology and chloroplast structure (Stanhill and Cohen 2001; Boardmann 1977; 
Dormann and Woodin 2002). 
The research in this chapter focuses on Empetrum nigrum, a plant of mainly open habitats 
and fully exposed to sunlight that may be affected similarly as described above. However, 
the extent of response to global dimming may depend on the amount of reduction of 
sunlight and of the developmental stages of the plants, since vegetative and generative 
stages may differ in their responses (Stanhill and Cohen 2001). We subjected the three 
species (Empetrum, Calluna, Erica) to experimental shade. Empetrum is characterised 
as a species belonging to open northern heath communities, in particular in oceanic 
districts such as the Faroe Islands, the Scandinavian countries including Denmark, 
northern Germany and parts of the Netherlands (Gimingham 1972). The species is also 
widely associated with Calluna and reaches its maximum abundance with maximum 
exposure to solar radiation. However, Empetrum also occurs in open pine and birch 
woodlands in Scotland (Bell and Tallis 1973) growing in partial shade, cast by the 
canopy. Similar shade conditions occur in the sub-Arctic in open Betula forests (Tybirk 
2000; Michelsen et al. 1996), in Danish and Dutch Pinus plantations (Riis-Nielsen et 
al. 1991; Weeda et al. 1988) and in the vicinity of the research area at the southern 
range border, partially shaded by Pinus and Betula. These occurrences in partial shade 
suggest some tolerance of Empetrum.
In this chapter we aim to assess the impact of experimental shade on the growth and 
morphological parameters of the temperate dwarf shrub species.  To quantify these 
effects, a field experiment was conducted, in which the species was subjected to shade 
during three years (2007-2009).
To compensate for the reduced PAR-level in low light intensities (shade), plants 
demonstrate plasticity with respect to the photosynthetically active area by increasing 
the leaf area and developing thinner leaves (‘shade leaves’) (Crawley 1997, Boardman 
1977). Plants grown under reduced light conditions show signs of shoot elongation, 
thus the annual average shoot length and the leaf scar distance are expected to increase 
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while the stem diameter is expected to decrease. It was therefore hypothesized that 
the area capturing sunlight was increased by increased number of leaves, leaf length, 
the leaf width and shoot length. Despite such adaptations to shade, plant growth under 
the reduced PAR will be less than under ambient solar radiation.
Materials and methods
Simulating global dimming: simulating shade
To reduce the amount of PAR, metal-framed cubes with a size of 50 x 50 x 50 cm3 
were constructed with sides and top covered with gauze with a mesh size of 1 mm. In 
the westernmost research area (Figure 2-1) north of Bergen aan Zee, the Netherlands, 
the position of ten control plots and ten shade plots was randomly chosen, such that 
Empetrum nigrum and co-occurring Calluna vulgaris and Erica tetralix were included. 
The experimental area was fenced to protect the plots against the action of grazing and 
trampling cattle.
PAR-measurements
For the transmittance of PAR, an Apogee Model QMSW quantum meter (www.
apogeeinstruments.com) was used, measuring the photosynthetic photon flux in 
µmol m-2 s-1 inside the shade plots and compared to measurements in control plots. 
Bi-monthly, three PAR-measurements in each of five shade plots and five control plots 
were performed at the top of the canopy. From these, average values were calculated 
as an indication for the reduction of PAR compared to the ambient PAR in control plots. 
Soil moisture content
The amount of water draining into the shade plots and that infiltrates the soil might 
be influenced by the gauze covering the shade plots. Therefore, soil moisture was 
determined during three seasons in June in samples (50 ml each), collected in shade 
plots (n=10) and in control plots (n=10), and was determined gravimetrically after 
drying for one week. 
Temperature measurements
The air temperature for 12-hours intervals inside the shade plots was compared to 
ambient temperatures using Tinytag Transit H temperature loggers. For the general 
description of this measurement see Chapter 2: Material and Methods.
Harvesting and plant parameters
In December 2009, one shoot of Empetrum nigrum was harvested per shade plot and 
per control plot. All analyses of the growth parameters were performed on the longest, 
uninterrupted part of the plant. Variables that were investigated are summarized 
in Table 7-1. Convential instruments were used (parameter serial number), i.e. 
stereomicroscope equipped with micrometer (2, 5, 6), digital calliper (1, 3, 7, 10, 11), 
analytical balance (8). Number of leaves (4): separately counting of green and brown 
leaves, leaf scars. Number of flower buds (9): counting primordial buds (2009) and 
remains (2007-2008). Leaf life span (12) was determined for each years section by 
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dividing the green leaves by the number of brown leaves still present; in case of brown 
leaves shedded off, the leaf scars were counted. The sum of all years defines the LLS. 
Statistical analyses
Differences of average air temperature and the amount of PAR between shade-plots 
and control plots were analysed using a paired samples T-test. Differences between 
gravimetrically determined soil moisture content as well as differences between plant 
parameters in shade-plots and control plots were analysed using one-way ANOVAs. 
To test whether PAR-reduction affected growth parameters across years repeated 
measures ANOVA was used. Statistical data analyses were performed in SPSS 16.0. 
Results
PAR-reduction
Figure 7-1 illustrates the significant reduction (paired samples T-test: p=0.002) of PAR 
inside the net-curtain covered shade plots compared to ambient PAR level in control 
plots. Control plots received on average 778 µmol m-2 s-1 and PAR-reduced plots 415 
µmol m-2 s-1.
Figure 7-1. Averaged PAR reduction (µmol m-2 s-1; paired samples T-test p=0.002) in shade plots compared to control 
plots with ambient PAR at the southern range margin of Empetrum at 52oN (2007-2009).
Soil moisture content
There were no significant differences (p=0.43) in the moisture content of soil samples 
taken from shade plots compared to control plots (Figure 7-2). 
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Figure 7-2. Average soil moisture content (June 2007-2009) of control and shade plots (one-way ANOVA p=0.43). Error 
bars indicate standard error of the mean.
Temperature
The averaged daily (12 h intervals) air temperatures inside the shade plots were 
significantly lower (paired samples T-tests; p<0.001) in control plots (Figure 7-3). 
During the summer season (July-September) shade plots were less than 2 oC cooler 
than control plots. During the spring period (March-May) shade plots were up to 5 oC 
cooler than control plots.
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Figure 7-3. Average daily temperature (12 h interval) in shade plots (n=10) compared to control plots (n=10) during the 
main growing season 2009. Temperatures in shade plots were lower compared to control plots, both from March-May 
(paired samples T-tests; p<0.001) as from July-September (p<0.001).
Plant responses to reduced PAR
Average annual shoot length growth (Figure 7-4 A) was 64 mm in control plots and 
increased significantly  (p<0.001) to 127 mm (+98%) under shade conditions. The 
average leaf scar distance (Figure 7-4 B) was also significantly larger (p<0.001) under 
shade conditions (3.1 mm) compared to control plots (2.1 mm). Shoot length of the 
co-occurring Calluna vulgaris (one-way ANOVA p=0.054, +27%) was increased with 
shading but not that of Erica tetralix (one-way ANOVA p=0.249, +20%). Stem thickness 
of Empetrum was not affected by reduced PAR (repeated measures ANOVA p=0.313). 
The stem diameter was not significantly (repeated measures ANOVA p=0.313) affected 
by reduced PAR-conditions. 
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Figure 7-4 A. Shoot length (p<0.001); B. leaf scar distance (p<0.001) of Empetrum nigrum increased in response to 
shading.
To further assess the leaf responses of Empetrum nigrum to shade compared to control 
plots, we analysed the averaged annually produced number of leaves. For this analysis 
we included all leaf scars, brown and green leaves and found that the total number of 
leaves was significantly larger (repeated measures ANOVA p=0.012) for plants under 
shade conditions (Figure 7-5 A). 
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Figure 7-5 A. The annually produced average number of leaves (including leaf scars, brown and green leaves) of 
Empetrum nigrum grown in shade plots (n=10) has increased (2008 p=0.01; 2009 p=0.05) compared to control plots 
(n=10) except for 2007 (p=0.3) when shade-manipulations started. Error bars indicate standard error of the mean. 
B. The average annual leaf length for brown and green leaves (2008-2009) in response to increased shade was 
significantly (repeated measures ANOVA p=0.008) longer compared to control plots. Error bars indicate standard error 
of the mean.
The average annual leaf length (Figure 7-5B) was analysed for 2008-2009, since only 
few leaves were left on the stem section from 2007. On average, the brown and green 
leaves produced longer leaves (repeated measures ANOVA) p=0.008) across all years, 
but green leaves did not (p=0.267). The total leaf length for green and brown leaves 
was found to be significantly larger (repeated measures ANOVA p=0.008). Average 
annual leaf width was not changed with shading (repeated measures ANOVA p=0.838) 
and leaf thickness (Figure 7-6 A) and leaf weight (Figure 7-6 B) decreased (p=0.001 
respectively) in response to shade. 
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Figure 7-6 A. Leaf thickness (average values 2008-2009) significantly (one-way ANOVA p<0.001) decreased under shade 
conditions compared to control plots. Error bars indicate standard error of the mean. B. Leaf weight (average values 
2008-2009) significantly (one-way ANOVA p<0.001) decreased under shade conditions compared to control plots. Error 
bars indicate standard error of the mean.
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Table 7-1. Summary of growth responses of Empetrum nigrum, including shoot lenghth response of Calluna 
vulgaris and Erica tetralix to experimental shade at the southern (Atlantic) range margin of Empetrum at 52o, 
Bergen aan Zee, the Netherlands. p =significance level; R = expected response direction: + response according to 
expectation; - response opposite to expectation; 0 no significant response.
Parameter (average) Control Shade Change % p R
1.Shoot length (mm) 64 127 63 98 <0.001 +
2.Leaf scar distance 
(mm)
2.1 3.1 1.0 48 <0.001 +
3.Stem diameter (mm) 0,97 0.1 0.03 3 0.31 0
4.Number of leaves (n) 147 207 60 41  0.01 +
5.Leaf length (mm) 4.1 4.3 0.2 4.9  0.01 +
6.Leaf width (mm) 1.2 1.1 0.1 8.3  0.83 0
7.Leaf thickness (mm) 0.45 0.23 0.22 49 <0.001 +
8.Leaf weight (mg) 2.7 1.1 1.6 59 <0.001 +
9.Number of flower 
buds (n)
32 14 18 56  0.09 0
10.Shoot length Calluna 
(mm)
73 93 20 27 0.01 +
11.Shoot length Erica 
(mm)
51 61 10 20 0.25 0
12. Leaf life span  
Empetrum (year)
1.7 1.6 0.1 6 0.29 0
The analysis of the leaf life span covered the years 2008 and 2009, since for 2007 green 
leaves were no longer attached. Results showed a leaf life span under reduced PAR-
conditions of 1.6 year and in control plots 1.7 year. A one-way ANOVA showed that 
this difference was not significant (p=0.291). The annual number of flower buds did 
not show a significant difference (repeated measures ANOVA p=0.094) under shade 
conditions.
Discussion
This study was designed to determine the responses of the evergreen dwarf shrub 
Empetrum nigrum to experimental shade (reduced photosynthetic active radiation) 
to simulate observed global dimming as part of global climate change. We found 
that many of the growth parameters responded in the hypothesized direction (Table 
7-1). The shade treatment resulted in a significantly increased average annual shoot 
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length (Figure 7-4 A) and average leaf scar distance (Figure 7-4 B). The increased leaf 
scar distance (p=0.001) of Empetrum may be explained as an adaptation to increase 
the maximal exposition of the individual leaves towards incoming solar radiation 
or to minimize self-shading (Crawley 1997). The shoots length of Calluna vulgaris 
also increased with shading. However, shoot length of Calluna was significantly less 
(p=0.01) than Empetrum-shoots. A significantly increased number of leaves appeared 
with shading (Figure 7-5 A). This effect will have been caused by the increased number 
of leaves of the 2008 and 2009 generation, since the leaf primordia that developed into 
leaves in 2007, had already been developed in the year before (Bell and Tallis 1973), 
thus in 2006. As a consequence, these primordial leaves had not been affected by the 
shade treatment that started in early spring 2007. The leaves of 2008 and 2009 were 
those that had been subjected to shade and developed from the primordial phase in 
2007 and 2008, until senescence that is on average 1.7 year later, according to the 
demonstrated leaf life span. This makes it comprehensible that only the combined 
number of green and brown leaves causes the annual average leaf length to be longer 
with shading. Leaves may still have a second growing season in prospect and may 
increase their length. The increased total leaf length (summed for both green and 
brown leaves) across all years is not only a consequence of the increased total number 
of leaves, but also of the increase of leaf length. In contrast, the average annual leaf 
width was not significantly affected by shading. Nevertheless the total (summed) leaf 
width across all years increased with shading, to be attributed to an increased number 
of leaves.
The analysis of leaf thickness (Figure 7-6 A) and leaf weight (Figure 7-6 B) both 
demonstrated a significant decrease with shading. In conjunction with the observed 
increased leaf length and constant leaf width it may be concluded that the area of 
shaded leaves had increased as a response to increased shading, a strategy used to 
maximize photosynthesis at low light levels (Crawley 1997). Chapin and Shaver (1995) 
reported that both mass per leaf and stem mass significantly decreased as response to 
a reduced sunlight of 50% during a 2-year experiment in Arctic Alaska, possibly a site 
specific or genotypic difference (Michelsen et al. 1996). Also Michelsen et al. (1996) 
reported unchanged biomass after they subjected Empetrum to shading in northern 
Sweden during six years. They report enhanced leaf chlorophyll content but leaf 
thickness and weight had not been changed by shade. In an experiment by Michelsen 
et al. (1996) light was reduced by 64%. Such a light reduction occurs within a range of 
open subarctic forest canopies. In the present research the reduction of photosynthetic 
active radiation was on average 48% which probably exceeds the light reduction due 
to increased dimming and cloudiness (Dormann and Woodin 2002). In addition to 
the observed morphological adaptations to shading (Table 7-1) plants may adapt to 
reduced light by adjustments in light response curves. In his study of photosynthetic 
performance of Empetrum in relation to light in Abisko (northern Sweden) Karlsson 
(1989) discovered that 50% of the photosynthetic light saturation was found at a 
photon flux of about 80 µmol m-2 s-1 and 100% saturation was found at 400 µmol m-2 
s-1. Probably, the dense arrangement of Empetrum-leaves may cause only a fraction 
of the leaves to intercept sunlight efficiently at any solar angle which did not hinder 
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the light saturation under shaded conditions. Average values of average photon flux 
inside shade plots of 415 µmol m-2 s-1 were recorded in our shade plots, similar to 100% 
light saturation in the light – photosynthesis response studies of Karlsson (1989). This 
may imply that photosynthetic performance of (sub) Arctic Empetrum nigrum was not 
reduced in our shade plots. If so, growth under shade conditions would not have been 
reduced compared to control plots.
So far, the responses of shoot length, leaf scar distance, number of leaves, leaf length, 
leaf thickness and leaf weight were according to the expected response direction 
(Table 7-1). Leaf width did not increase as expected and also the stem thickness did 
not decrease as expected. In conclusion, our results suggest that Empetrum nigrum 
compensates the reduced influx of PAR by producing significantly more, thinner and 
longer leaves, thus enlarging the area of plant surface capturing PAR radiation, similarly 
to the comparison of sun and shade leaves. Shade leaves have a larger leaf area to 
biomass ratio and are thinner than the sun leaves. Empetrum thus will be able to 
acclimatise to shaded conditions as found in Boreal forests (Hultén 1968), open pine 
and birch forests in Scotland (Bell and Tallis 1973), mountain birch forests (Sonesson 
and Lundberg 1974) and north-facing slopes (this research). 
We assume that in the assessment of the results, these are not affected by differences 
in temperature or soil moisture. Soil moisture in shade plots was not different (paired 
samples t-test p=0.43) compared to ambient control conditions (Figure 7-2) while the 
average temperature inside the shade plots was significantly, but only slightly lower 
(paired samples t-test p<0.001) which we expected not to affect the results discussed 
here.
Since observed values of global dimming (e.g. Stanhill 2005) are much less than the 50 % 
reduction of the PAR level that we applied in the shade plots, the results in this chapter 
do only qualitatively indicate growth and morphological responses of the three dwarf 
shrub species. Neither do the results in this chapter contribute to the understanding of 
the range shifts of Empetrum nigrum. The responses to the manipulated experimentally 
increased cloudiness or reduced PAR studied in this chapter, revealed differential 
adaptations to shaded conditions. Plants may adapt to shade by increasing the leaf 
area capturing sunlight and reduce respiration by developing thinner leaves. Such 
adaptations were most pronounced in Empetrum nigrum.
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Chapter 8
General discussion
Plant responses to experimentally manipulated climate change
Ecological responses of many plant species to ongoing climate change often demonstrate 
advanced flowering or leaf unfolding, delayed leaf abscission and changes in the 
duration of the growing season. Distributional shifts along latitudinal or altitudinal 
gradients are also observed in relation to climate change and are well documented for 
the Northern Hemisphere (e.g. Menzel 2000, Menzel et al. 2006, Myers-Smith et al. 
2012, Root et al. 2003). Many of these responses to climate change are mostly based 
on long-term records and observations, especially since the fifties of the 20th century 
and largely coincide with concomitant climate change, of which the awareness dates 
back to 1976. Most, if not all of the studies on seasonal patterns and distributional 
shifts are more correlative than causal, with focus on temperature. This also applies 
to the few modelling studies, predicting important consequences for plant species’ 
distributional ranges in response to temperature increase.  
Although the supposed correlative evidence, with the focus on temperature, is rather 
robust (e.g. Root et al. 2003), there is a lack of knowledge of the mechanisms behind 
the observed phenological and distributional changes. In this thesis we hypothesize 
that plant responses to climate change will be most pronounced at the species’ 
southern and northern range margins. We focussed on the evergreen dwarf-shrub 
Empetrum nigrum, the co-occurring species Calluna vulgaris and Erica tetralix (south) 
and Cassiope tetragona (north), and we aimed an experimental approach to investigate 
species’ responses to manipulated environmental factors at the southern and northern 
range limit. By analysing the species’ responses in the field to manipulated warming 
with OTCs, doubled precipitation and increased shading we aimed to increase 
our knowledge of the causal relationship between the observed phenological and 
distributional shifts and aspects of climate change. 
Experimentally increased warming, doubled precipitation and shading in the field 
We used rather straightforward methods to manipulate the temperature, precipitation 
and shade. The use of OTCs is a proven method in Boreal and Arctic research and at 
both range margins OTCs resulted in air warming values according to climate scenarios 
(Chapter 3). However, the use of OTCs may have had additional effects on soil 
moisture, relative humidity, wind speed, snow cover, photosynthetic active radiation 
and may have had other microclimatic impacts (Kennedy 1995), possibly influencing 
biological and ecological responses. Bokhorst et al. (2011a) discusses intended as 
well as unintended climatic changes in OTCs relative to control plots. With reduced 
wind speed, temperature beneath the OTCs’ panels may strongly increase while soil 
temperature and relative humidity may decrease. In our setup, we assume these 
impacts to be limited since we used wide (2.50 m diameter) OTCs to overcome some 
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of the unwanted side effects associated with smaller chambers (Bokhorst et al. 2011b) 
and also monitored and sampled only the central parts of 50 x 50 cm2 in the OTCs. In 
the Antarctic, contrary to our expectations, OTCs may delay soil thawing by 3–13 days 
in springtime, probably caused by increased snow accumulation within the chambers 
over winter and they (Bokhorst et al. 2011b) experienced extreme temperatures, 
potentially exceeding the physiological threshold of tolerance of species in summer. 
Warming outside the main growing season can also have strong negative impacts on 
Empetrum in the sub-Arctic (Bokhorst et al. 2011a). In our experiments at the southern 
range margin, OTCs did not experience temperatures exceeding 25oC longer than for 4 
hours during summer and never exceeding an increase of 4 oC or higher compared to 
ambient temperature. Frozen soil only occurred once for two weeks during the winter 
2010-2011. Soil temperatures might have been influenced by the use of OTCs, but 
this data was not included in our research. At the northern range margin, summer 
temperature rarely exceeded 20 oC. At the southern and northern range margins, not 
any damage to the vegetation in OTCs and controls was observed during the period 
of our investigations. Of course, we cannot rule out that the ecological responses we 
obtained with the OTC treatment are not due to warming only. However, based on the 
above, we assume the effects of artefacts to be limited and the results of artificially 
enhanced temperatures to simulate the expected climate change during the 21st 
century (IPCC 2007) in a realistic way.
Given the observed spatial and temporal variability of ambient precipiation, we justify 
a doubling of the amount of precipitation as realistic, and often predicted in climate 
scenarios for the 21st century. Another element of climate change refers to global 
dimming (Chapter 7), potentially affecting carbon assimilation. However, there is 
considerable spatial and temporal variation in the extent of dimming and even a reversal 
from dimming to brightening is argued (Wild et al. 2005). Therefore, an experimental 
reduction of sunlight by almost 50%, exceeding the current global dimming, seems 
unrealistic. However, the shading experiments in the field may provide useful data on 
the differential responses of the three dwarf shrub species studied.
Comparison of the responses to experimental climate change of the dwarf shrub 
species studied
The vegetative parameters of the dwarf shrubs Empetrum nigrum, Calluna vulgaris 
and Erica tetralix responded differentially to experimental warming, extra precipitation 
and increased shading. Considering the climatic characteristics of the major biomes 
of the dwarf shrub species as presented in Table 1-7, it is obvious that Erica with 
its preferences for moist to wet conditions, responded most strongly to increased 
precipitation straight from the first season of increased precipitation. This response 
corresponds with the species’ Atlantic range, limited to low and relatively wet 
conditions in North-western Europe. Shoot length of Erica increased in response to 
increased temperature, in line with our hypothesis. Calluna vulgaris is expected to be 
the most continental species in this research with the widest geographical distribution 
and similarly wide ecological preferences. Indeed, this species responded to increased 
temperature and increased precipitation according to our expectations. In contrast 
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to our hypothesis, Empetrum nigrum with its mainly Boreal - (sub) Arctic distribution 
responded, with increased parameters (Table 5-7) to enhanced temperature at its 
southern range margin. This response to increased temperature not only falsified our 
hypothesis, but also falsified the modelled predicted decline as response to increased 
ambient temperature of Empetrum in the United Kingdom (Fosaa et al. 2004, Hulme 
et al. 1993), in Denmark (Harrison et al. 2006) and on the Faroe Islands (Trivedi et 
al. 2008). Increased precipitation also resulted in increased vegetative growth. The 
vegetative responses of all three species to increased shade were related to their 
geographical range and concomitant ecological preferences, but clearly demonstrated 
that Empetrum was able to withstand shade better in comparison to both other dwarf 
shrub species. 
Flowering and flowering phenology of Empetrum in response to experimental warming
In Chapter 4 we demonstrated profound phenological responses of Empetrum nigrum 
to increased temperatures in OTCs, both at its southern and northern range margin. 
Although climate change affects vulnerable life stages (Gitay et al. 2002; IPCC 2002), 
the advance in phenological events at the southern range margin was in line with 
the generally observed responses to temperature increase, but the increased weight 
and size of berries was not. Thus, these responses found did not contribute to our 
understanding of the observed northward retreat at the species’ southern range. The 
increased occurrences at the northern range margin, at Svalbard, are supported by the 
production of more and bigger berries with OTC warming.
On Svalbard, ripe berries of Empetrum are reported only occasionally (1910, 1913, 
1922, 1998) with ambient temperatures, while Empetrum plants sampled at Svalbard 
bearing unripe fruits are reported more often (Engelskjøn et al. 2003). There are no 
observations of Empetrum in seed bank studies from Svalbard (Alsos et al. 2003, Cooper 
et al. 2004). This emphasizes that long-term survival as clones is the usual strategy of 
Empetrum and that sexual reproduction only rarely occurs in the (high) Arctic. In this 
context, the shift in balance between asexual and sexual reproduction in response to 
climate change (Callaghan and Jonasson 1995) is of interest. The increased allocation 
to sexual reproduction probably involves higher nutrient availability as discussed 
by Aerts and Chapin (2000) and Aerts et al. (2006). The increased leaf area and the 
number of leaves as a response to increased warming (see Chapter 5) may facilitate 
these conditions. 
Nevertheless, Empetrum seedlings are rarely seen in nature (Cooper et al. 2004, Bell 
and Bliss 1980). Despite this rarity of seedling observations we demonstrated significant 
increases of abundance, weight and diameter of berries in response to increased 
temperatures, both at the southern and northern range margins. 
In the event of berries of Empetrum contributing to range extension or tracking of 
climate change, dispersion over larger distances is needed and this will mainly be 
facilitated by birds. The berries are eaten by numerous bird species (Bell and Tallis 1973, 
Cadieux et al. 2005, Cramp et al. 1983, Kam et al. 2004, Nechaev and Nechaev 2012). 
On Svalbard, the Pink Footed Goose (Anser brachyrhynchus) is by far the commonest 
goose (Kovacs and Lydersen 2006) known to feed on berries of Empetrum, but not so 
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the Barnacle Goose (Branta leucopsis), the second goose species in number on Svalbard 
(cf Loonen and Solheim 1997). Recently, the colonization by nine plant species in the 
changing Arctic was analyzed (Alsos et al. 2007). DNA fingerprint analyses showed that 
colonization of Svalbard has occurred repeatedly, from several source regions and they 
estimated the minimum number of colonizing propagules of Empetrum to be seven, 
emphasizing that colonization was strongly correlated with the temperature (Alsos 
et al. 2007). This indicates that germination and establishment of Empetrum limits 
distribution rather than dispersal of Empetrum seeds. 
Growth and morphological responses to experimental climate change
The dwarf shrubs Empetrum, Calluna and Erica responded differentially to the 
manipulated temperature (Chapter 5), precipitation (Chapter 6) and shading (Chapter 
7). The vegetative ecological responses of Calluna and Erica (summarized in Table 
5-7) to increased temperature south were positive as expected, but similar responses 
for Empetrum were unexpected and were strongest compared to both co-occurring 
species. Leaf life span of Empetrum was unchanged or reduced with OTC warming 
indicating that warming represents a favorable environmental change at the coastal 
heathland ecosystem. Obviously, these results do not contribute to our understanding 
of a northern retreat of Empetrum at the southern range margin.
The results of increased precipitation as presented in Chapter 6, showed increased 
growth and Empetrum was most pronounced (Table 6-1). This may be interpreted 
as the response to water deficit in the dry coastal dune valley south. The preference 
of Empetrum for north-facing slopes in dry dunes may also be interpreted as such 
(Crawford 2008, Pott 1995). Multi-year experiments in northern Europe, all with 
artificially increased precipitation did not result in significant shoot length growth (e.g. 
Keuper et al. 2012b, Parsons et al. 1994, Press et al. 1998, Shevtsova et al. 1995, Weijers 
et al. 2010). This may be related to permanent water availability due to snowmelt and 
poor drainage of permafrost soils (Weijers 2013a). 
In Chapter 7 we analyzed the responses to shade and we found that under artificial 
shade (reducing PAR by 48.5%) the shoot length growth of Empetrum was increased 
and exceeded that of both other species. As a mainly Boreal – (sub) Arctic species 
it can be classified as cold-adapted and growth under shaded conditions (as in the 
understorey of Pinus and Betula) may improve growing conditions for Empetrum (cf 
Tamis 2005). 
Another way of understanding the unexpected responses to environmental 
manipulations of Empetrum south comes from Gitay et al. (2002). They found that 
ecosystems, dominated by long-lived species, would be slow to show evidence 
of change, lagging many years or decades behind the climate change. Chapin et al. 
(1995) and Shaver and Jonasson (1999) report a considerable lag before changes 
in growth are fully reflected in changes in biomass. Empetrum is such a long-lived 
species, demonstrating longevities in the Netherlands of 32 years, in Switzerland 50 
years, on Kola Peninsula (Russia) 73 – 80 years, 70 – 80 years up to 100 years in high 
mountain ecosystems and 140 years in the UK (Beyerinck 1942, Bell and Tallis 1973, 
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Bär 2006, 2008). These longevities, often demonstrated by clonal species from harsh 
environments like the Arctic or dry coastal dunes (Crawford 2008), may enable plant 
species to bridge unfavorable periods for reproduction. 
Such longevities can be considered as a survival strategy and this also applies to the 
presence of chemical substances released by Empetrum nigrum, preventing herbivory 
(Zackrisson and Nilsson 1992, Nilsson and Zackrisson 1992, Nilsson 1994, Wallstedt 
et al. 1997, Nilsson et al. 1993, Nilsson et al. 1998). It has also been suggested that 
Empetrum demonstrates allelopathic properties preventing seedling recruitment and 
growth of other plant species, possibly related to the dominance in the ground-layer 
vegetation by Empetrum as observed in Boreal forests (eg Sjörs 1965, Rune 1965), 
Denmark (Riis-Nielsen et al. 1991), in Germany (eg Pott and Hüppe 1991) and in the 
Netherlands (eg Weeda 1988, Ketner-Oostra (1993), Ketner-Oostra and Sykora (2004,) 
Jarevång et al. 1997). Wardle et al. (1997) found the decomposition rate of litter and 
humus of Empetrum to be extremely low and unfavourable to microbial activity, likely 
due to the high phenolic content of foliage, litter and humus and indicating that the 
phenolic compound is relatively stable in the soil (Tybirk et al. 2000).
If we also consider that species at higher latitudes react more strongly to temperature 
changes (Callaghan et al. 2004, Root et al. 2003), it may be that the observed changes 
in geographic distribution of Empetrum are asymmetrical. In general terms, this 
asymmetry is discussed by Callaghan et al. (2004), who found that organisms are more 
susceptible to biological invasions at their southern range limits. Populations at their 
northern range limits are expected to respond more than species at their southern limit 
to warming per se. As a consequence, species are invading faster from lower latitudes 
– from Boreal to Arctic Svalbard - than resident species are receding northward at the 
southern range margin (Gitay et al. 2002, Parmesan and Yohe 2003, Root et al. 2003). 
The results presented in this thesis confirm this hypothesized asymmetrical character 
of range shift in Empetrum nigrum. The expected increased migration from lower 
latitudes northwards may change the future species composition in the northern part 
of the tundra zone and in the polar desert. At present, species are restricted most in 
their distribution by limited summer warmths and limited length of the growing season 
(Callaghan et al. 2004). Our results, obtained on high Arctic Svalbard, demonstrating 
a temperature limited vegetative and generative growth of Empetrum nigrum at the 
northern range margin on Spitsbergen, are in agreement with these findings. 
It is of interest that Tamis (2005) hypothesized that any decline of cold-adapted 
(psychrophilic) species is being masked by increased area and improved quality of 
Dutch woodlands. In this biome, cold-adapted species make up a relatively large 
proportion of species. It is suggested that, on the longer term, these species may 
retreat northwards and their existence at their southern margin may be temporary. In 
case of Empetrum nigrum, this may be in line with our findings that Empetrum nigrum 
grows well in the understorey of forests, as shown to be well adapted with shaded 
conditions (Chapter 7).
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Yet, it cannot be ruled out that at the southern range margin, other factors may be 
involved in the distribution of Empetrum. Because the species’ boundary is not 
sharp but slightly diverging, the observed losses may be limited to southerly outlier 
populations. Here, Empetrum may be more vulnerable to human interference and has 
been lost caused by e.g. urbanization (Tamis 2005), eutrophication, and fragmentation 
of the natural landscape or land degradation. To offset these losses, Weeda et al. (1988) 
report the increased decalcification in dunes and concomitantly new establishment of 
Empetrum in the coastal dunes, albeit in a limited area.
Outlook
Undoubtedly the ecology and geographic distribution of plant species changes with 
current climate change. Evidence for range shifts and contraction and extension of 
geographic ranges comes from longer-term observations. Evidence of such changes 
caused by climate change is correlative or derived from modeling studies. The research 
described in this thesis was aimed at an experimental approach, subjecting plant 
species in the field to manipulated climate change. More and bigger berries, developed 
with OTC warming, can support increased occurrences of Empetrum at Arctic Svalbard. 
Responses at the southern range margin do not help to explain the observed northward 
retreat of Empetrum.
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Table 8-1. Research questions and principal answers (Italic).
1. Do generative responses of Empetrum nigrum (sexual reproduction parameters, Chapter 
4) change due to increased warming with OTCs, both at the southern and northern range 
margin?
Enhanced warming south resulted in advanced flowering, a decreased flowering season 
length and an increased average diameter and weight of berries, all responses significantly 
affected.
Enhanced warming north resulted in a significantly increased number, average diameter and 
weight of berries.
2. Do increased warming with OTCs (Chapter 5), increased precipitation (Chapter 6) and 
increased cloudiness (increased shading, Chapter 7) affect the vegetative growth parameters 
at the southern and northern (only temperature) range margin and can differences be de-
tected between these two range margins?
South, enhanced warming resulted in the significant increase of the growing season length, 
the annual growth rate, the shoot length, the biomass, the average number of leaves and 
the average leaf length. South, leaf life span was decreased, but not significantly north.
Shoot length increased with increased precipitation south.
South, the increased cloudiness (increased shading) resulted in increased shoot length, leaf 
scar distance, total number of leaves and the total leaf length, however the average leaf 
weight and leaf thickness significantly decreased. 
North, enhanced warming significantly increased the average shoot length and biomass, but 
neither the average number of leaves and leaf length nor the leaf life span was significantly 
affected. 
3. Do observed effects of generative and vegetative growth responses of Empetrum nigrum 
to experimental warming help to explain the observed trends in distribution south and 
north?
South, the majority of generative and vegetative parameters responded opposite to our ex-
pectations, leaving the observed northward retreat of Empetrum nigrum unexplained. 
North, the increased occurrences on Svalbard may be explained by shoot and biomass in-
crease, as well as berry quantity and quality in response to OTC-warming.
4. Are vegetative growth responses of Empetrum nigrum, Calluna vulgaris and Erica tetralix 
(south) and of Cassiope tetragona (north) differentially affected by enhanced warming with 
OTCs at the range margins of Empetrum nigrum?
South, annual shoot length growth and biomass of the three species increased with OTC-
warming, those of Empetrum nigrum most. The three species are differentially affected 
by enhanced warming; growth of Empetrum nigrum increased most pronounced while in-
creased dominance of Calluna had been expected. 
North, annual shoot length growth of Empetrum and Cassiope were differentially affected by 
enhanced OTC-warming, but that of Empetrum increased most pronounced.
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(en soms ook wel eens vertwijfeld) geïnformeerd naar de vorderingen van mijn 
onderzoek. Steeds kwam de vraag naar voren wanneer ze ‘de uitnodiging voor de 
promotie’ tegemoet konden zien. Dat heeft iets langer geduurd dan verwacht, maar ik 
ben blij dat ik jullie dit eindresultaat kan laten zien. Bedankt voor jullie interesse en ook 
voor de zeer gewaardeerde steun! 
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Aan Nelleke.
Naarmate het onderzoek vorderde en tegelijkertijd ook voortduurde, nam het me 
steeds meer in beslag. Uiteindelijk was er nauwelijks meer een uurtje dat ik me niet 
in mijn studeerkamer bevond en anders was ik wel in het Buizerdvlak om nog iets te 
controleren. Voor mij ging dat betrekkelijk onopgemerkt, maar voor jou zeker niet. 
Nelleke, met eindeloos veel geduld, dat ik zeker de laatste twee jaar te zeer op de 
proef heb gesteld, heb je me ruimte en tijd gegund om dit onderzoek af te maken en 
uiteindelijk dit proefschrift te schrijven. Ik vind het heel knap dat je me deze ruimte, 
deze vrijheid ook, hebt gegund. Ik realiseer me dat je daarbij je eigen grenzen niet één 
maal, maar meerdere malen flink hebt opgerekt: ik ben je daarvoor heel dankbaar en 
daarom ook draag ik dit proefschrift aan jou op.
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